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16. Abstract 


TM 

A 38. 1 mm diameter Hydresil Compliant Foil Bearing was designed and tested at room 
temperature and 315^ C. Test speeds of 60 000 rpm and loads of 1. 75x10^ N/m^ were ob- 
tained. A unique adaptation of capacitance proximity probes mounted in the rotating journal 
was utilized to directly measure the bearing film thickness. Test bearings with an L/D - 1 
and L/D := 1/2 were used and the experimental data have been compared with predicted 
minimum film thickness values for an L/D =: bearing and the results presented as a series 

of curves. Experimental data were obtained at 315° C which showed relatively low cooling 
air flow requirements to remove self-generated heat. The detrimental influence of porous 
journal surface coatings on bearing load performance was demonstrated. 
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SUMMARY 


A 38.1 mm (].5 Inch) diameter Hydresil Compliant Surface Air Lu!) r i cal ( 

Journal hearing was designed and tested to obtain hf^/iring ))erlormahce 
characteristics at both room temperature and 315®C (600® F)* Test i mi wa.s 
performed at various speeds up to 60,000 rpm with varying loads. A maximum 
steady state bearing load of 1.75 x 10^ N/m^ (25.4 psi) at 315°C (600®F) 
was obtained during the test program. 

The program objectives centered around two phases of testing. The first 
test phase was conducted at room temperature for the purpose of obtaining 
direct film characteristics. To achieve this objective, a unique method 
of instrumentation was designed, fabricated and tested by Mechanical 
Technology Incorporated to measure directly the minimum film thickness 
value and film thickness profile in the compliant surface bearing. The 
measurement system utilized specially fabricatied capacitance proximity probes 
mounted in the rotating journal surface. The electrical signal was i^btained 
from the rotating shaft using an adaptation of a conventional brush and 
slip ring assembly. Testing was conducted on test bearings with an h/D ^ I 
and L/D = 1/2 at two bearing clearances each, at a variety of speeds and 
loads. The experimental data has been compared with predicted minimum 
film thickness values for an L/D = bearing obtained using an existing 
computer program which is based on a one-dimensional analysis. Minimum 
film thickness values as a function of load are presented in dimensionless 
form as a series of curves which allow approximate finite bearing factors 
to be obtained. 

The rotating sensors provided an opportunity to examine the film characteristics 
of the compliant surface bearing. In addition to providing minimum film 
thickness values and profiles, many other insights into bearing operation 
were gained such as the influence of bearing fabrication accuracy and the 
influence of smooth foil deflection between the bumps. 
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This report describes '^art I of a Lec:hnology program perft'rmed for the 
NASA Lewis Research Center for the development of hydrodynamic air 
lubricated compliant journal bearings for an automoLlve gas Lnrbine 
engine. Part 1 of the program focused on advancing c-ompLiant surface 
journal bearing technology by providing design information through an 
experimental and analytical effort. Part II of the program, which is 
currently in progress, will investigate and test materials and coatings 
for compliant. surface bearings and journals suitable for operation in 
a 537° - 64B°C (1000° - L200°F) environment. 

The rotating film measurement system was designed by Leo Hoogcnboom 
of the Measurement Science Section of MTi. Fabrication of the 
components for the measurement sensors and their installation into 
the test shafts were performed by Robert Moss of MTI. William Miller 
of Mil’s Fluid Film Tribology Section assisted in the analytical 
correlation of the film thickness test data. 

backgrqukd and application 

The L‘.S. Fnergy Researcli and Development Agency is currently funding 
the development of an automotive gas turbine engine that will meet 
proposed Federal emission standards and demonstrate improved fuel 
economy over a comparable internal combustion engine. To enable future 
automotive gas turbine engines to achieve the performance requirements, 
the engine must he compact, operate at high rotational speeds, uti- 
lize high turbine gas temperatures , and be cost competitive. The high 
turbine gas temperatures will impose temperature requirements on turbine 
end suj)port bearings that will eliminate the practicaJ use of oil lubri- 
I’ated support bearing systems in these areas. The hyd rodynamie- air 
lubricated compliant journal l^earing is a likely candidate to fill this 
requirement. J’o ten t i a 1 i y , the compliant air lubricated hearing infers 
the l\^Ilo\;ing advai^tages; 

• Higher cycle operating temperatures. 

• Lliminalion of oil requirements and limitations. 
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• Greater accommodation of thermal dlntortions, asscmbiy variations, 
and dynamic slnift motion l)i* cause of hearing' compliance. 

• Rialuced fri('lionaI power loss. 

• Reduced rotor muse, 

• Lower bearing costs. 

Under a separate contract (15IU)A/Chrysler 68-01“0^59- 7 . MTl has designed, 

TM 

fabricated, and tested a Hydresil^ air lubricated compliant journal 
bearing for the A-926 Upgraded Chrysler/ERDA Automotive Cas Turbine Kngine. 
The bearing is being used at the drive turbine end of the gas generator 
and is subjected to a temperature range of -34'*C (-30°F) to +275°C (32b®i*)* 

The program reported here was performed to advance the teclinology of 
compliant surface air lubricated bearings and to assist in the design and 
application of bearing systems for the automotive gas turbine engine. 

PROGRAM OBJECTIVES 

Tlie basic objective of this program was to conduct a fundamental study 
of air lubricated compliant journal bearings in a combined precise test 
rig measurement and analytical effort. Specific program objectives 
i.n eluded: 

• Modification of an existing MTI owned test facility to program 
requirements, 

• Design and fabrication of a Hydresii compliant surface journal 
bearing. 

• Design and fabrication of a rotating capacitance sensor system for 
(d)taining direct film measurements. 

• Testing of the Journal bearing over a range of speeds up Lo 

60,000 rpm and loads up to 2.1 x lO^^N/m^ (30 psL) as measured on the 
bearing projected iirea for the purpose of obtaining bearing per- 
formance charat* Le ris t i cs to include! bearing film tdiarac Leris ti cs , 
bearing cooling air re(|ui rements , and bearing power loss. 

• Analysis of expo r Lmeji i.al test data and correlation witii existing 
infinite width bearing theory. 
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A si i'ni rifaMt porlLon of Lhc pro^'rnin includt*d the dt'slp,n, fai) r ical i on , in- 
stallation, and testing of the sensor system used to obtain tlic* direcl film 
measurisneiUs • It Is believed tiiat this work represents the i irsL l i jikj 
that direct j 11m measurements of a compliant surface bearing have been 
obtained at speeds typical of t n rbumacli t ne ry that would utlli/,e the comp J Ian t 
surface bearing. 

The test program was designed to obtain experimental dat.a th.*Jt could be lisc-d 
to correct an existing infinite length bearing theory for side leakage 
effects and to construct design charts to assist in the design of rotor 
bearing systems that would utilij^e the compliant surfac'e bearing. 

Testing was conducted at 33 5*^C (600®F) bearing temperature to determine 
bearing cooling air flow rv-quirements and to investigate the influence of 
thermal distortions on bearing performance. The film thickness data was 
obtained at room temperature conditions. 
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A*.v Airr uiiAiynt;^ /mj.Y_s i s 

The Hydresil test benrings used in this program were designed utilizing 
uxisLing MTI cumpuLur programs. A doLaiJod doscript lnn i;f Iht .inalysis 
LogoLher with llu* .lournai Bearing Conij)utL‘r Program llYUKK is givun in 
Koioreiu^c [?. J . Tho program is wriLLon i(jr nso on tlu* (IK Mark II Time 
Sharing SysUom* 

'i’lio followiiig discussion describes the assumpliuns .ind hjj;hliglits of liie 
one di mens .ional analysis and Includes the design curves genera Led for the 
lest bearing and ran example of the computer input and output. 

ONE- DIMEN SIQIAL HYDRESIL JOURNAl. BEARING ANAT.YSTS 

A schematic showing the geometry and the coordinate system used In cite 
analysis is given in Figvkre Il-l . A load, W, is applied to the test 
bearing causing it to displace a distance, e. The shaft is rotating 
at speed, •/. , and has a radius, R. The bearing casing is rigid and 
contains an elastie bump foil covered by a smooth top foil. 

Under xero load, the clearance between the shaft: and a sealed foil would 
be, C, The ininiinuni film thickness for a rigid bearing under jw.sti would 
thus be C-e, This is not the case for a Hydresil bearing because the foils 
are free to deflect and the film ttrickness can he subs lanlUil ly larger thar^ 
C-e and in fact e can, for suf f lt:ient.ly conipJiant biurings, be cons iderably 
greater than C. 

The two modes af dcllections of the foils which have been considered in 
the analysis are showrt schematically in the bottom portion of Figure 11-1. 
First, the bump folia arc free to deform under load and the deflection of 
tliese foils will have a dominant role in the bear i rig stiffness. Second, ti'.e 
upper foils tan din down undc^r pressure between tH“ bumps causing grooving 
to occur wliich could have an effi-ct on Liu' film th)t’kni>s«s, 

A nartoVv? groove, theory is used in computing the et lects of grooving on film 
Liuckness ccMipled with the elastic bending theory whicli dictates the extent 
to which grooving will occur under the hydrodynamic pressure. 
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Analyses have been periormed to predict tlie deflection of circular arc 
bumps under load applied at tiieir center. These anaJyses include the 
effects of the height, length, and thickness of the bumps and the effects 
of friction between the bump foil and the housing. The bump deflection 
analysis is then coupled with the top foil analysis which is further coupled 
with the global Iiydrodynamic analysis to result in the full analysis for a 
one-dimensional journal bearing. 

All analyses thus far have been performed for a single 360° pad rather than 
an assembly of pads. 

Figure II-2 shows as a function of bearing load, the shaft dc-fleciion, minimum 
film thickness, and frictional power loss predicted for the Uydresil test 
bearing at 60,000 rpm. The shaft motion shown in the figure represents the 
relative radial displacement e between the rotating shaft and the rigid bearing 
casing. Figure II-3 is a sample of the input and output dimensional parameters 
required by the Hydresil computer program. 
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SHAFT MOTION AND MINIMUM FILM THICKNESS, mm (INCH) 


SPEED- 60,000 RPM 
LENGTH-. 38.1 mm (1.500 IN.) 

DIAMETER-- 38.1 mm (1.500 IN.) 

DIAMETRAL CLEARANCE- 0.0635 mm (0.0025 IN.) 
AIR TEMPERATURE! 600*P^ 

AIR VISCOSITY: 2.98 x I0‘S N-SEC/CM2 

(4.32 X I0‘® LB-SEC/IN.2) 
AMBIENT PRESSURE-. 1 ATM (14.7 PSD 
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BEARING LOAD, N (LB) 


( 56 . 2 ) 


1 l- 


CominiUM* iM*vdU'trd ''‘cst Journal lU'ariii)’ r I orm.iiioo 
Ciirvr. (Ono li inuMis i ^»na I .\ualvsis) 


FRICTIONAL POWER LOSS, WATTS (HP) 



1 


INPUT 


;l. LENGTH (IiN>y 2. DIAM. (IN). 3. BUHF HEIGHT (IN) -?1 .5f 1 .5..2.E-2 

4. BUNP LENGTH (IN). 5. BUMP PITCH (IN)!. 6. BUMP THICK. (IN) . ?1 , 4E-1 r 1 . 8E-1 r 4 . E -3 
7. TAPE THICK. (IN)f S. CLEARANCE (IN)? 9. TEMP. (F) ..?4 . E • 3r 1 .25E-3 f 1 .E2 
10. AMB. PRES. (PSI)f 11. SPEED (RPM). 12. E/C =?1 .47E1 >-4.5E4r5,E 1 


OUTPUT 


LENGTH (IN) = 1.500000E+00 DIAM. (IN) 1.500000E100 BUMP HEIGHT (IN) = 2.000000E-02 

BUMP LENGTH (IN) ~ 1.400000E-01 BUMP PITCH (IN) . 1.800000E-01 BUMP THICK. (IN) =. 4.000000E-03 

TAPE THICK. (IN> 4.000000E-03 CLEARANCE (IN) .. ,1 . 250000E -03 TEMF’ > (F) 1 . OOOOOOE+02 

AMB. PRES . (PSD i . 470000E-f 01 SPEED (RPM) ... 4 . 500000E L()4 E/C 5.000000E 01 

1 OAD (LB) 1.309849Ef0:; MIN. FILM THICK. (IN) . 1 , 028723E- 03 ATT. ANG. (DEG) .. 2 . 409605E ! 0.1 

POUEP :riP> 2.62494BE-02 


Fig. II-3 Sample Input and Output for Journal Bearing 
Computer Program (HYDRE) 


ill. TEST BEARINGS 


SENSOR SYSTEM REFERENCE AIR BEARING 

Three self-acting rigid surface bearing designs were considered for the 
initial checkout bearing of the rotating sensor system. For each of the 
three bearing designs considered, sufficient analytical and experimental 
data existed for use in comparing the program test data. The three bearing 
designs considered and their limitations were: 

• Rigid Surface Plain Sleeve Bearing - This type bearing while simple 
to fabricate tends to operate in an unstable regime at high ro- 
tational speeds, 

• Tilting Pad Bearing - Space available for the floating sleeve housing 
was limited, and a difficult mechanical design would be required to 
incorporate a tilting pad bearing. The high fabrication cost was 
another significant factor, 

• Spiral Groove - The best high speed performance of this type bearing 
is achieved with the grooving on the shaft. If a spiral groove 
bearing was to be used, the grooving would have to be placed on the 
bearing. The high cost involved with grooving the bearing was a 
significant factor. 

The rigid surface, plain sleeve bearing was selected as the initial sensor 
system c)ieck-out bearing. This selection was based on the following: 

• The bearing could be conveniently adapted to fit in the same 
floating housing as the compliant test bearing. 

• Reliable analytical work was available. 

• Initial fabrication cost was low. 

The analytical worK of A, A, Raimondi [ 3 ] was selected for comparison with the 
exporimouLai data. Haimondi^s analysis was chosen since liis numerical technique 
i.s believed Lo he the mosL accurate available for solving Keynold^s Equation 
for a finite 360^^ gas journal bearing. In addition, his analysis has been 
shown to have good agreement with experimental data in the range of compress- 
ibility numbers anticipated in the testing. Tlu* bearing was desij*nod to opor.it r 
in .1 stahlo ri'g, Iuk* at speeds up to 1 i,000 rpni. 


9 


The bearing was fabricated of SAE 660 Broniie and installed in the l lcjalinj' 
sleeve housing with a light press fit prior to final machining of the bore. 

The bearing bore was lapped to a diameter of 38.12B7 mm (1.501 i'J indieh;; and 
had a total out of roundness of 0.0015 imn (0.00006 inch). The radial bear- 
ing clearance with the film thickness measurement shaft was 0,0213 mm 
(0.00084 inch). 

CQlgLIANT SURFACE TEST BEARING 

A single p-ad 360® arc design MTI hydresil Journal Bearing, shown in Figure lll-l, 
was selected as the compliant surface test bearing. Figure III-2 shows the 
basic mechanical design of the bearing. A single pad Hydresil was selected 
over the multiple pad design for the following reasons: 

• Existing infinitely long bearing analysis programs are based on the 
360® arc configuration. 

• The single pad design has the minimum number of foil interruptions 
around the circumference resulting in simplified test data. 

• Single pad bearings can be manufactured with greater accuracy and 
consistency, 

• The single pad bearing has a greater load capacity for a given 
operating speed, 

• The single pad Hydresil bearing is currently in use in the 
Chrysler/ERDA Automotive Gas Turbine. 

Test bearings with two L/D ratios V'ere designed using existing computer 
programs for infinite length hearings. The bearing design cluiracter- 
istics shown in Figure III-3 were as follows; 


Smooth (top) Foil Thickness: 
Hump Foil Tliickness: 

Bump Geometry: 

J ongth 
pi I cli 
he i gli t 


0.1016 ram (0.004 inch) 
O.lOlb mm (0.004 inch) 


3.536 mm (0.140 inch) 
4.572 mm (0.180 inch) 
0,508 mm (0.020 inch) 
[)artial tire 




HOO(J SI HOVd lYXIOmo 

aux Axi'iinioiKioHdaH 


= Bump Height 
= Bump Length 
ss Bump Pitch 
tg « Bump Foil Thickness 

= Top Foil Thickness 


Compliant Bearing Design Details 



BL‘arlu>^; Diainetci • 

L/D Ratio : 

Dry Film Lubricant (Hohman M-I28A): 


iH. 1 mm (j. ')(}() iiuMO 
I .'UKl )/2 

0. 005-0. 007 mm (0.0002 - 


0.0000 hwh) 

The material used for both the smooth foil and bump foil was Inconel X-750, 
The material, obtained in the annealed condition, Is aged before use at 
705®C (1300°F) for 20 hours which results in the following mechanical 
properties at room temperature: 

0.2% Yield Strength: 6.55 x iO^N/m^ (95,000 psi) 

Ultimate. Tensile Strength: 9.65 x lO^N/m^ (140,000 psi) 

Endurance Limit (lO cycles). 1.38 - 2.07 x 10 N/m"^ 

(20-30,000 psi) 

5 2 

Tlie bearing was mechanically designed to support a 2,07 x 10 N/m (30 psi) 

load. The maximum bump stress associated with this loading was one of the 

important factors in tlie bearing design and was calculated with the use of 

the computer program BUMSTR. Various factors such as foil thickness and 

bump geometry could be varied independently in the computer program Lu 

obtain a bump foil design in which tile maximum bump stress would not 

exceed the 0.2% yield strength of the Inconel X-750. The maximum bump stress 

5 

in the test bearing design, calculated at a load of 2,07 x 10 N/nr (30 psi), 
w^us 6.09 X 10*^N/ra^ (88, 358 psi). 

llie i)ump foils were fOrmed on a precision steel die ulilizing rubber pad 
foniiing Leehnlciiies. 'I'he f)reclsion die and a lormed foil ar*- shown in 

Figure 111-4. This method of forming enables an entire bump foil to be 

formed in one operation and provides the greatest bump uniformity and 
accuracy. The bump foils were funned with the material in the anneaJc'd 
condition. 

Fad) Inwnp toil used in a bearing was inspi'cied prior to a.ssL'mbly into the 

test be.) lings. 'W^o melln^ds wen* n.'^.ed to in.speel the pirls. The bump 

geometry wan i-hecked using a coiujiarator with a lUX magn i 1 i cat i on , Tliis 
procedure allowed the bump pitch, length, arc radiu.*^, and height to be 
checked. In additiini, the ludght o\ each hump was cl)i*cki.'d u.sing the 
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following procedure. The bump foil was placed on a surface plate with a j 

parallel bar weighing approximately ,9 kg (2 pounds) on lop of i t , Aji | 

electronic dial Indicator was then used l(j check tlie height of each bump* 

The total variation in bump heights was less Ilian 0,012 7 mm (0,00 05 inch) 

IVo thermocouples were attached to the bump foil as sliown in Figure 11.1-2, 

The thermocouples were formed by fusing the ends of 0.25 mm (0,010 inch) 

diameter iron-constantan thermocouple wire together to form the junction. 

The iron wire of the thermocouple was then spot welded to the bump foil. The I 

leads were carefully brought out of the bearing in a manner to allow com- 
plete freedom of dynamic movement of the foil members. 

The smooth f<3il was checked for thickness uniformity after heat treatment. i 

Total variat.Lon in thickness was less than 0.0077 mm (0.0003 inch). The | 

dry film lubricant was applied to the smooth foil after the heat treatment 

process by sj)raying. The coating was cured and then burnished to obtain i 

the proper tliickncss, 

I 

Each foil was first formed to conform to the journal diameter then Individ- i 

ually spot welded into the bearing cartridge. The bump and smooth foils are j 

welded at only one end and are separated by a spacer block. 

The internal bearing clearance of a finisiied bearing is determined by per- 

i 

forming a load deflection test on the bearing, A schematic of tin: test 

apparatus used to perform this test is shown in Figure III-5, Figure i IT- 6 i 

is a plot of tile test data ublained from the load deflectioi. test. The i 

^ I 

internal clearance of the bearing is defined as the total motion of Llic 

bearing when a 0.9 kg (2 pound) load is applied first downward then upward. j 

The bearing clearance is indicated on Figure III-6, The 0.9 kg (2 pound) ( 

i 

load vaJ ue lused roughly i.'orresponcls t(j the static load on the I'earing due 

to the weight of the bearing housing and .load sujiport meclianism, This 1 

vaiue is aJ so sufficient to seat tlie foils against each other and the j 

bearing housing, | 

j 

The inuirnal clearance can be varied in a nnisiied bearing assembly by In- | 

( 

serting an adjustment sliim between tlie bump Loll and liearing cartridgt! i 

bon' as shown In Figure lU-2, | 
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DEFLECTION, mm 



DEFLECTION, INCH 





The bearing stiffness is cietermineu from tlie slope of the curve of shaft 

motion versus bearing load which is generated from data obtained from the 

computer program output. Figure II-2 shows the plot for the program test 

8 2 

bearing which had a stiffness of approximately 1.38 x 10 N/m (20,000 Ib/inch), 
Bearing stiffness can be varied by changes to the bump foil design character- 
istics such as foil thickness and/or bump pitch. Since the majority of the 
bearing compliance in this design is due to a soft bump foil rather than tlie 
air film, the bearing stiffness will be quite sensitive to the mechanical 
characteristics of the bump foil and relatively insensitive to the air film 
characteristics. 


V) 




TKST KIG DDSCKIPTION 


liCkVl*-! Ic ! Asji5*jiil>Jlj/ 

An uxisting MTi ownod tt^sl r.ij» was upgrade* d and modi Hud lo moot tho spec* i fie 
requirements of this ])rogram. The test rig is shown in Figures T.V-1 and 
IV- 2. Figure IV- 3 shows tho test facility. 


Tho air turbine driven high speed spindJe was supported on two pre loaded 
angular contact ball bearings. Both support l)oarings were standard class 7 
bearings supplied by the Barden Comp^iny. Tlie bearing at the test end was a 
i07li (35 min bore), ami at the drive turbine end a I05H (25 mm bore). Both 
bearings contained bronze retainers. 

Oil for lubric'ating and cooling tlie supp^^rt bail bearings v%as supplied 

through two oil Jets 180'^ apart at each hearing. Tho j'.ts WL*re sized to 

produce a jet velocity oi aj)pno:imateiy 20 m/sec (65 ft/sec) at 4.4 x 
5 2 

10 N'/m (64 p.si,:) supply prussuru 2.27 kg/min (D Ih/min) lotnl oil 

liow. A vvaLor cooJod lioat oxiliatigor i .11 Llio oil supplv .loop roiiiovcd boat 
from the oil, 

A double ,lal)yrinth seal with pressurized air supplied between the seals 
prevented tlie oil from traveling down tlie test shaft into the test bearing 
area. 

During the high temperature tests, ciglil 500 watt (piartz heaters were used 
to heat the Lest hearing. A 10 mm (.250 inch) thick Mycalex 500 disk acted 
as an insul/itiir hi‘Lwv.-en tlu* cjuartz heater box and support housing^. A 
water Jacket in the sufiport housing, assi.sted in removing heal 1 rom tlie 
suppo rl ha 1 I hear ing,s. 

The drive air .supply was provided liy a three stage eentrifug,a) air com- 
pn‘ssor havin>'. (he )ol lowing, maximum (Uitf)ut eha rae te r i s 1 1 i*s ; 
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Pressure : 

Flow: 

Tempo riiture : 

A fixed test speed could be accurately 
because of its constant pressure output 


6 . ( 1 00 _ps 1 k) 

22.60 in'^/niin (600 sciiii) 

9),'3°C (200"K) 

maintained utilising this cumpressor 
characteris ti cs . 


Rotor balancing was performed on a conventional low speed two plane 
"Dynamic Balancer", Model MU-6 , manufactured by Micro-Balancing, Inc. 

Each test shaft was first balanced as a detail while supported on tei Jon 
vee-blocks.. The rotor was then completely assembled, installed Ln the ball 

bearing cartridge, and balanced on its own support bearings at 1750 rpm. 
Residual unbalance levels were 0.018 gm.cm (0.000250 oz.in.) in each of two 
planes. The test rig design allowed for the rotor assembly to be Installed 
into the support housing v/ithout disrupting the assembly after balancing. 

'IM 

In addition, the test rig contained provisions to allow MTI Command 
multiplane multispeed balancing to be performed if required. 


Test Journa ls 

The foil test journal was an integral part of the test shaft and was over- 
hung to facilitate access to the test bearing and rotating sensors. Three 
test shafts were fabricated for the program: two to be instrumented with 
the rotating sensor system (the rotating sensor system is discussed in 
Section V) and one for high temperature testing. The test journal surfac’es 
on the two shafts that were to be instrumented were initially left uncoated 
and relatively soft to enable modifications to be made if required during 
installation of the rotating sensor system. The journal surface on tlie 
shaft used for pressure measurements was later coated with a thin hard 
chromium alloy by the Elect rolizing Company, The test journal surface on 
the third shaft, which was to be used for the high temperature testing, 
was coated with a plasma sprayed chrome carbide coating, A test shaft 
with support bearings and drive turbine Is shown in Figure IV-4, 


Test Bearings 

The test bearings, which have been previously discussed in Section Ili, 
were mounted with a liglit press fit in a floating hearing housing. 
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Loading of the test bearing was accomplished by applying dead weight through 
a knife edge loading parallelogram mounted on the floating bearing housing. 

A lead screw, which was threaded into the floating housing, allowed the 
axial position of the test bearing to be varied relative to the rotating 
sensors installed in the shaft, for obtaining an axial film thickness profile. 

Dry filtered cooling air was supplied to the test bearing through three (3) 

2.29 mm (.09 inch) diameter holes located at the gap in the smooth foil. 

The bearing cooling air line was connected to the floating housing through 
a flexible connection to avoid introducing a moment load to the bearing. 

During the high temperature tests, two (2) PureFlow air heaters were used 
to heat the test bearing cooling air. 

QUALITY ASSURANCE 

All components used in this test program underwent a quality assurance check 
to insure conformity with the applicable drawings. Specific items checked 
and recorded include: the physical and chemical characteristics of raw 

material; heat treatment procedures; and dimensions, tolerances, and 
finishes. During assembly of the spindle, particular care was taken to 
insure that the static runout of the test journal was at the lowest level 
possible. Runout checks and residual unbalance level of each assembly were 
recorded. 

MEASUREMENTS AND INSTRUMENTATION 

The success of this program was dependent upon obtaining high quality test 
data utilizing both routine and sophisticated measurement methods. The 
film measurement systems are discussed in detail in Section V of this report. 

Rotor Speed 

TM 

Rotational speed was measured by an MTI Fotonic Sensor fibre optic probe 
which responds to the once per revolution passing of a dark band painted on 
the lace of the drive turbine. A Monsanto digital frequency counter 
Model //103A measured the output of the Fotonic Sensor speed pickup and provided 
a continuous digital display of rotor speed. 


Shaft and Test B earing Motio n 

Radial motions were measured using capacitance type displacement probes. Two 
Gets of X-Y probes were mounted on the floating bearing housing to measure 
test bearing to shaft motion and one set was mounted on the support housing 
to monitor shaft to ground motion. Wayne-Kerr DM100 Distant Meters were 
used as signal conditioners for the capacitance probes. The output of each 
horizontal-vertical pair of probes was displayed on a cathode-ray oscilloscope. 
Tektronix Model 503 Oscilloscopes were used and provided a continuous 
orbital motion display at each of the three probe locations. 

Special high temperature capacitance probes rated to 537®C (lOOO^F) were 
used during the high temperature testing. The sensitivity of both the 
standard and high temperature probes were 100 millivolts/ . 0254 mm (100 
millivolts/. 001 inch). 

Test Bearing Load 

Test bearing loading was accomplished by applying calibrated commercial 
dead weights to the test bearing floating housing. A knife edge parallelo- 
gram mechanisin was used to minimize introducing a moment into the bearing. 

Test Temperatures 

Temperatures were measured by using thermocouples mounted at the following 
locations. 

• Two on Test Bearing Bump Foil (see Figure III-2) 

• * Amb lent Ch amber 

• FI Gating ns i n g 

• Cooling Air at Bearing Inlet 

• Cooling Air at Flow M*ter 

• Support Bearing Oil Inlet and Outlet 

The two t lie rmucoup I cs located on the test bearing wei’e Ty(u» .1, I ri)n-Cons t an tan , 
Oio' o! these the nnocoup 1 es was displayed on an X-Y plotter, Houston t)mn i - 
plotter Model 2000, against n Lime baoc, and the second used a Toehniqno 
Associates Model 93 Pot t‘U t i onie te r as the rt'adout device. Ttie nmiaining 

During testing at 31 5*^0 (600® F) only. 


the rmofoupj t\s were' Type K, Cli rt)nie 1 -Al unie 1 , and were recorded on a Honeywivl I 
FTiullipoint chart recorder, 

Te s Bearing Cool I ng Ai r 

A sLandard Fisher-Porter ilowmeter was used to measure tiie total cooling 
air flow entering the test hearing. The flowmeter is caJlhrated by the 
manufacturer at 1 atmosphere (14,7 psia) and 20°C (68^F) , A correction 
factor is applied to the reading based on the actual air pressure and 
temperature at the flowmeter* 

Bearing Frictional Power Loss 

The mechanical arrangement selected for the frictional torque measurement 
and dead weight loading of the bearing is shown in Figure LV-i. The 
floating housing is restrained from rotation by two flexures in the vertical 
plane through the bearing centerline. Bearing friction torque which i:auses 
deflection of the flexures is measured with two capacitance orubes and read 
with a digital voltiaeter, IVo flexures at positions J80® apart were used to 
reduce the effect of lateral (horizontal) motion of the floating bearing 
housing on the torque measurement. The range of the displacement probes 
used in the torque sensing system was 0,254 mm (0.010 inch). 

Ua t a Acq u i s i t i o n E q u ip men t C a 1 i b r a t i o n 

All equipment used for the acquisition of test data was calibrated at the 
start of the test program. The equipment is period! cally«~chaGlced to 
insure its accuracy, s tab i li ty, and repeatability at intervals recommended 
by the equipment’s manufacturer. The following is a discussion cC the 
calibration procedures used: 

• Film Thic^ kn ess and Pressure Sen so rs - The calibration procedures 
used for these special sensors is discussed in SecliotA V. 

• Cap a c i t an c e Ij 1 s p 1 a c e me n t P ro h e s - All standard and higli temperature 
c.ipacitance probes were calihiMted in a standard micrometer test 
stand, ‘i'oLal accuracy of tiie probe .\nd capacitance meter system 

is rated at 0.00254 mm (0.0001 iiuOi), 

• Bea rin g Torcioe ~ The capacitance probes ustul in tlu‘ torqui.‘ measuring 
system were first calibrated using the metiu)d jvisl described then 
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insLal lod in Lht» Lost rig. lOach flc*xuro was (‘alibralocl i nd i vi du.i 1 I y 
by aLladiing a lighl sLoc'I wi.ro Ln Iho lloxuro In tiu* loadiii)' .ikm. 
Tbo w i ro was Lhon guidod ho rl x.oii La i i y Lo aiul ovor a pull«*y on !)al! 
bearings to wliore Lhe wire roald bo dropped vorlloally. Wi‘igbl^i 
were then hung from the wire and tl)e probe oiilpuL recorded. A 
calibration curve for each riexiir<-* wiis generated. This cailbralion 
was valid only for the room temperature tests. 

• Coo li ng Air F low - The calibration supplied by the manufacturer of 
the flow meter was used. The correction curves used for corrc-cLlng 
air flow based on actual air temperature and pressure at tlie flow 
meter were also supplied by the manufacturer. 

• Capacitance Me ters The Wayne-Kerr capacitance? meters are checked 
at 6 month intervals with a standard capacitor, referenced to the 
National Bureau of Standards, for linearity and sensitivity. 

• Oscilloscopes - Opciiloscopes are checked at 6 month intervals for 
voltage and time base accuracy. Accuracy of voltage was + 2^ of 
range and time base + 3% of range. 

• V oltage Calibrat ion - A voltmeter referenced to the National Bureau 
of Standards is maintained for the purpose of calibration of 
meters and oscilloscopes. Accuracy of voltmeters used in tlie test 
program was ± 0.05% of range t 1 digit. 

• Thermocouple He ad o u t - PoLentiometers are calibrated using a 
referenced millivolt meter and are then used to calibrate the multi- 
point chart recorders. Accuracy of the potentiometers used was 

+ 0,2% of range and the chart recorder was + 2,2®C (4°F). 


V, FILM MI>;ASURJ::MIi:NT TECHNIQUE 


INTUOD U CTION 

A number of sensor measurement systems’^ were considered for use in obtaining 
direct film measurements in tlie compliant surface bearing and are discussed 
later in this section. The capacitance system which was selected utilized a 
unique adaptation of the standard proximity probe modified to be conveniently 
mounted in a rotating journal and a bru^h and slip ring assembly for obtaining 
the electrical signal from the rotating shaft. The film thickness sensor 
consisted of a 3.25 mm (0.128 inch) diameter probe that continuously measured 
the distance between tlie probe tip and the smooth foil oi the Lest bearing. 

The pressure sensor consisted of a diaphragm supported by a flanged tube which 
covered a 2.083 mm (0.082 inch) diameter probe. This sensor continuously 
measured the distance between the probe tip and the diaphragm, sensing diaphragm 
deflections caused by pressure variations in the film. The probes are shown 
in Figure V-1. 

Two shafts were instrumanted each containing two similar type probes. The 
sensors were designed to be mechanically stable at 60,000 RPM at which point 
the center electrode was subjected to approximately 60,000 "g’s", and to operate 
in a temperature range of 24^(’ - 35°C (75®F to 130®F). Figure V-2 shows the 
rotating sensor system and slip ring assembly, 

SELECTION OF ROTATING CAPACITANCE SYSTEM 

Two locations for tlie placement of the sensors were considered; a rotating sensor 
in the journal or an embedded stationary sensor in the foil bearing assembly. 

The rotating sensor arrangement was selected for the following reasons: 

• Obtains a complete film trace around the bearing. 

• Does not affect the local stiffness, damping, or mass characteristics 
of the foil, 

• Oiu* acnsiu- can scan several axial positions by moving the bearing axially 
along the icuuial. 

In this repijrt, ’’sensor” refers to the entire rotating system and ’’probe” 
rt‘fers to the actual capacitance proximity probe which is only a part of the 
rotating system. 
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Fig. V-2 Rotating Sensors and Slip Ring Assembly 




A 


Three types ol sensor systems were examined for use in this application. , 

• Wayne-Kerr capacitance proximity system > 

• Fotonic sensor fiber optic proximity :;vst«-m 

• Inductive sensor with fer/ite core 

A comparative study of the characteristics of each type of system and con- , 

sideration of methods for obtaining the signal from the rotating shaft led 
to the selection of a capacitance proximity system with a metal-fiber 
brush slip ring. Reasons for this selection included; 

• Capacitance systems meet the accuracy requirements with the lowest 

overall noise to signal ratio. i 

• Capacitance systems have the best resolution. 

• The foil surface condition will have the minimum influence on the 
accuracy of the clearance measurements. 

• The capacitance system assembly can be designed to prevent mechanical | 

shifting of the probe in the high ‘'g*' operating environment. 

• A capacitance system is the least difficult to calibrate from a ' 

linearity stand point. | 

• The same type of probe can be used for both film thickness and ' 

pressure measurements. 

• The fundementai slip ring design and manufacturing problems have been ^ 

solved in similiar commercial applications. 

I 

\ I 

The selection of the capacitance sensor and the metal-fiber brush slip ring i 

proved to be an excellent choice since the film thickness measurement system J 

was proven during the testing phase of this program to be accurate, reliable, J 

and extremely durable. 

1 

! 

Appendices A and B contain a detailed discussion of the procedures used to I 

fabricate the rotating sensor system and the brush and slip ring assembly. | 

j 

i 

CALIBRATION OF SENSORS i 

Final calibration of the sensors was performed after installation into the 
test shaft. The calibration was repeated while the test shaft was installed 

i 


i 


L 
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in tlu^ tcist rig and after the teat shaft liad been rotated to full speed. 
During the final calibration, the electrical signal from the sensors was 
obtained through the brush and slip ring assembly. The Wayne-Kerr, 
electrical leads, oscilloscope, and digital voltmeter used for the final 
calibration were the same components used during data acquisition. Suf- 
ficient calibration trials were performed on each sensor to assure repeat- 
ability. In addition, periodically throughout the test program calibration 
checks were performed on the sensors, 

A target, machined to conform to the test shaft radius, was mounted to a 
micrometer head, which had been installed in a modified vee-block. The 
micrometer used was graduated in 0.00254 mm (0.0001 inch) increments. The 
test shaft was then clamped in the vee-block with the target over a probe. 
The micrometer was moved in increments of 0.0127 mr^ (0.0005 inch) and the 
output voltage from the sensor recorded. Figure V-3 shows the calibration 
curve for the film thickness sensors used. Both sensors were highly linear 
over the intended range and showed no change throughout the test program. 


The overall error inthe system is estimated to be at a maximum ^ millivolts 

^ +1 27 

With the 0.0127 mm (0.005 inch) range probe used this error equates to 
+50 -0.635 

(^ 2 ^ p*in.) and consists of the following: 

• Noise level of Wayne-Kerr DM-IOO; 


p ‘m 






I 

i 




+ 1 mv or + 0.127 p-m (+ 5 p’in.). 

Error in dc voltage peak detector; 

+5 +0.635 +25 . , 

-0 -0 ^-0 
Error in voltmeter; + 2 mv or + 0.253 ^«m 

(+ 10 p*in.). 

Error in basic gap calibration: + 2 mv or + 0.254 p*m (+ 10 p‘in.). 


Since each probe was recessed approximately 0.038 mm (0.0015 inch) below the 
journal surface, a zero correction voltage had to be obtained to compensate 
for the recess. The correction voltage was obtained by two similar 


I 

( 


I 

i 

i 


] 
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methods. The shaft was locked from rotation in the test rig with one probe 
located at top dead center. The rigid surface journal bearing, which was 
0 0426 mm (0.00168 in.) larger in diameter than the test journal, wa^. installed 
on the test journal, A downward load-^^is applied to the rigid surface 
bearing through the parnil elogram loading mechanism and the output voltage from 
the sensor recorded. A point was reached after a relatively light load had 
been applied to the bearing after which ar increasing load would not change 
the output voltage from the sensor. The procedure was repeated for the second 
sensor. The minimum output voltage recorded for each sensor represented the 
recess of the probe and was used as the zero correction voltage for film thick- 
ness tests conducted with the rigid surface journal bearing. 

The second method used was for obtaining the zero correction voltage for test- 
ing with the compliant surface journal bearing. The shaft was again locked 
from rotation in the test rig with one probe at top dead center. An inconel 
smooth foil and bump foil identical to the ones used in the compliant journal 
bearing were placed on the test journal over the probe. A rubber pad and 
another smooth foil from which a hanger was attached was then placed over the 
journal to give the a^^rangement shown in Figure V-4. Weight was added to the 
hanger and the output voltage from the sensor recorded. Again a point was 
reached after which an increasing load would not change the output voltage. 

The procedure v;as repeated for the second sensor. The minimum output voltage 
recorded for each sensor was used as the zero correction voltage for testing 
with the compliant surface bearing. 

The difference in the zero correction voltage obtained by the two methods was 
approximately 3,5% of full scale (F.S.= .127mm), 

FILM M3::ASURKMENT DATA ACQUISITION 

The electrical signals from the rotating sensors were conditioned by Wayne- 
Kerr DM-100 displacement meters which have a frequency response of 10 Kc/s. 

F.acl\ meter w.is eomu’oteJ to two readout devices: a dual beam Tektronics 

Osci i.loscope and a digital dc voltmeter. The signal to the dc meter was first 
conditioned by a dc voltage peak detector. 
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iK. V-A Schi-mal io of Set Up for Obtaining Zero Correotion 
Voltage for Compliant Surface Bearing 


The oscilloscope was used to obtain the complete film profile around the 
test bearing. Prior to the start of each test, the dc trace from each sensor 
was positioned on the oscilloscope to correspond with the bottom horizontal 
grid line. Sufficient load was applied to the test bearing while the trace 
was being positioned to ensure contact between the bearing and the shaft 
over the probe. The bottom grid line then represented zero film and dis- 
placement of the dc level above the bottom grid represented the film thick- 
ness in the bearing. A detailed explanation of a typical film thickness 
trace is contained in Section VII. 

In addition to the minimum film thickness being obtained from the oscillo- 
scope trace, it was also obtained utilizing a dc voltage peak detector and 
digital voltmeter. The same signal that went to the oscilloscope was also 
fed to the peak detector. This peak detector, which was fabricated for the 
program, detected the minimum dc voltage level in the signal and displayed 
the dc level on a digital voltmeter. This dc voltage level represented the 
minimum distance from the probe tip to the bearing surface. The zero cor- 
rection voltage, obtained during the sensor calibration described previously, 
was then subtracted from the meter reading and the resulting dc voltage level 
represented the minimum film thickness. 

This method provided a quick and extremely accurate method of obtaining the 
minimum film thickness, and complemented tbe oscilloscope trace which pro- 
vided the actual film profile around the complete foil bearing. 


38 


VI, TEST PROGRAM 


The test program was designed to obtain precise experimental data of the 
hydrodynamic film characteristics of a compliant surface journal bearing 
and to evaluate bearing performance at high bearing temperatures. Specific 
test objectives included: 

• Film thickness measurements 

• Pressure profile measurements 

• Bearing cooling air requirements at 315°C (600 F) 

• Effects of 315^C (600°F) ambient and bearing temperatures on 
bearing performance. 

Two bearing L/D ratios were tested to allow comparative data to be obtained 
for use in determining effects of L/D ratio on bearing performance (end leakage 
effects). Since the existing analyses are based on infinite length theory, it 
would have been desirable to test a bearing with an L/D of 2 or 3 which would 
closely approximate infinite length behavior and then use the data to directly 
validate the theory and correct it if necessary. However, a bearing of this 
configuration would be speed and load limited with the overhung journal 
arrangement. A compromise v;as accepted at the start of the program in favor 
of a high speed high load test rig using test bearings with L/D ratios of 1 
and 1/2. 

FILM THICKNESS TESTS 

During the first series of tests, the rotor assembly was built utilizing the 
test shaft containing the film thickness sensors. Direct fi].m thickness 
measurement tests were first conducted with a plain sleeve rigid surface air 
bearing. Use of the rigid surface bearing allowed a direct comparison be- 
tween experimental data and existing analytical work. Since the analysis for 
a simple rigid surface gas bearing under the conditions of interest can be 
considered very reliable, close agreement between theory and test data at 
tliis point provided a check-out of the overall film thickness measuring 
apparatus. Testing with the rigid surface bearing was performed at three 
(3) speeds and varying loads. Only one bearing clearance was tested. 
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The 38.1 ram (1.5 inch) diameter Hydresil compliant surface bearing described 
in Section III was then installed in the test rig and operated at the test 
conditions listed below: 


Test Bearing 
Configuration 

Test Speed 
RPM 


Test Load 
N 


L/D - 

1 

30,000 

8N 

to 

maximum 

load 

C ■ 

0.057 mm 

45,000 



} 


(C - 

0.00225 in) 

60,000 



1 


L/D •= 

1 

30,000 

8N 

to 

maximum 

] oad 

C “ 

0.0318 mm 

45,000 



1 


(C = 

0.00125 in) 

55,000 



t 


L/D = 

1/2 

30,000 

8N 

to 

maximum 

load 

C = 

0.057 i.:n 

45,000 



1 


(C = 

0.00225 ; -i) 

55,000 



1 


L/D - 

1/2 

30,000 

8N 

to 

maximum 

load 

C » 

0.0318 mm 

45,000 



1 


(C - 

0.00125 in) 

55,000 



1 



Initially, a bearing with an L/D = 1 was tested. The bearing clearance 

was held constant while the rotational speed and load were independently ‘ 

varied-. Film thickness test data as a function of load was obtained at 
primarily three (3) speeds: 30,000 RPM; 45,000 RPM; and 60,000 RPM, The 

M 

clearance in the bearing was changed by the Insertion of a shin into the ' 

test bearing and the testing repeated. The test bearing was then replaced ; 

with another 38.1 mm (1.5 inch) diameter Hydresil beaiing with an L/D = 1/2. V 

The entire test sequence was repeated. * 

4 

{ 

FILM PRESSURE TESTS ^ 

Following completion of the film thickness measureraent tests, the rotor was 
disassembled and rebuilt utilizing the test shaft containing the film 
pressure sensors. It was anticipated that the same sequence of tests con- 
ducted for the film thickness measurements would be repeated for the film 

pressure measurements. However, during initial testing with the rigid .surface ; 

bearing there were significant differences between the predicted analytical ! 
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pressures and the pressures being obtained using the rotating pressure sensors. 
The maximum test pressure from the pressure sensors was below the unit loading 
of the bearing. A static pressure probe, 0.33 mm (0,013 inch) in diameti^r, 
was installed in the rigid bearing under the load to obtain pressure data at 
one location for comparison with the data being obtained from the rotating 
sensors. Pressure data obtained from the static probe confirmed that the 
rotating sensors were not functioning properly and were providing pressure 
data below the actual values. 

The pressure value discrepancy was determined to be caused by the dead air 
volume created by the recess of the sensor in the shaft. Although the 
recess of the sensor is only 0.0381 mm (0.0015 inch) below the shaft surface, 
it is large compared to the film thickness. The air from the hydrodynamic 
film over the sensor must expand to fill the recess, resulting in a local 
low pressure area which the pressure sensor measured. 

Several attempts to fill the recess were tried, but no solution was found 
that would allow meaningful data to be obtained. An alternate sensor system 
considered was a solid non-deflecting sensor, such as a quartz crystal 
mounted flush v?ith the journal surface. However, because of program limit- 
ations tliis concept was not tested, 

HIGH TEMI^ERATURE TESTS 

The final series of tests were conducted at elevated ambient and bearing 
temperatures using a solid non- instrumented shaft with a hard chrome 
carbide journal surface. Testing was conducted on the 38.1 mm (1.5 inch) 
diameter Hydresil bearing with an LlT> = 1 and a bearing clearance of 
0.0318 mm (0,00125 inch). During these tests the ambient and bearing 
temperatures were maintained constant at 315°C (600^F) throughout each test. 
Cooling air at 205°C (400°F) was supplied to the test bearing. Test speed 
and load were varied independently and the quantity of cooling air required 
to maintain the constant 315^C (600°F) bearing temperature was determined. 

It was also the objective of this series of tests to determine the effect of 
possible thermal distortions, which may occur at the elevated ambient and 
bearing temperatures, on bearing load performance. 

Results of the test program are given in Section VII. 
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FILM THICKNESS MEASUREMENT TESTING 


BASELINE RIGID SURFACE PLAIN SLEEVE BEARING TEST RESULTS 

Klim Lliickness measurement: tests were i'irst pertormed on tiie 
surface plain sleeve bearing for two purposcss. It first aJ lowed a 
preliminary check to be performed on the rot/iting sensors and slip ring 
assembly at relatively low speeds which was not possible with the com- 
pliant surface bearing because of the higher lift-off speed* It also 
served as a functional check of the instrumentation system using the 
analytical work of A, A. Raimondi as a baseline for comparison of the test 
data. 

Ini tially, tes ting was conducted to establish the stability regime of the 
rigid test bearing. As anticipated, the bearing was unstable at speeds 
above 15,000 rpm and at very light loads at 14,000 rpm. 

Testing was conducted at three speeds ancL-a-comp arisen between the predicted 
and test values of the minimum film thickness is presented in Figure VII-1 
in non-dimensional form. The largest deviation of the test data from the 
analytically predicted values was -17 percent which occurs at the lightest 
load tested. The deviation for the remaining seventeen (17) test points 
was less than 10 percent of the predicted values, and the average deviation 
for the eighteen (18) test points was 6,8 percent. The correlation of 
test and analytical data improved with increasing speed and loads. During 
testing it became obvious that the load could not be applied exactly 
through the axial centerline of the bearing. This resulted in slight axial 
cocking of the bearing with respect to the test shaft causing the minimum 
film thickness measurements between the two probes to vary. 

Figure Vll-2 shows llie location of the measuremenL sensors with respect 
to tile test bearing and an explanation of a typical oscilloscope trace. 

The attitude angle rt*lerence mark was generated by using a Fotonlc 

Sensor fibre optic probe to c.ause the oscilloscope trace to become saturated 
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precisely when Lhe Inboard probe was dIrecLJ.y under the load, in this 
case, Lop dead center, Hy scaling from where the reference mark first 
starts, to where the minimum film tliickness occurs, the attitude angle of 
the bearing can be determined. 

The oscilloscope traces in Figure VII-3 show the effect of speed on 
minimum film thickness and bearing attitude angle at a constant load. The 
minimum film thickness value listed with each trace is obtained utiliiJing 
tlie dc voltage peak detector. 

The ac amplitude of tlie film profile traces should ideally be identical 
for both sensor locations at a given test condition. The film thickness 
profiles shown in Figure VII-3 exhibit a distinct difference in the ac 
amplitud^i at each of the two sensor locations for a given test condition. 

The diffe!ence was determined to be caused by cocking of the bearing, which 
was previously discussed, and a slight taper in the test journal. The 
journal was lapped to remove the taper prior to the start of testing with 
the compliant sur/ace bearing. 

Figure VII-4 shows the film thickness profile obtained from an oscilloscope 
trace plotted on an expended scale. Figure VJ.I-5 plots the same data on 
poiar coordinate graph paper and shows the bearing attitude angle and bearing 
eccentricity, 

COMPLIANT SURjb^ACH JOURNAL bKARING TESTS 

Testing conducted with the compliant surface journal bearing utilizing the 
film thickness sensors provided a unique method of examining the effect of 
various operating conditions and bearing design characteristics on the overall 
fluid film. By independently varying test speed, bearing load, bearing clear- 
ance, and l./n ratio, the effect on the minimum film thickness value and profile 
was direct I y observed. Selected test data is presented in this section in 
tabulated I'orm and as a series of film thickness oscilloscope traces. 

To better understand tlie lest data, a detailed description of a typical 
oseilloscope trace is given. Figure Vl.l-6 shows the location of the film 
measurement sensors witli respect to the test bearing and a schematic of the 
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REPROinicrniuiy of tiif 

'>\CI’ IS I-M'*). ' 
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instrumentation used Ln obtaining the film thickness data. Mi of the 
oscilloscope traces sliown, unless otherwise stated, represent the lilm 
thickness profile at the bearing centerline. The minimum film thickness 
value listed with each trace is the value obtained using tiie dc voltage 
peak detector also at the bearing centerline. 

Figure VII-7 is a typical film thickness oscilloscope trace for the compliant 
surface journal bearing. The bottom horizontal grid line represents zero 
film thickness. Each vertical division above the bottom grid line equals 
12.7 u.in (500 (j-in.) of film thickness. The minimum film thickness for the 
trace shown is 4.83 li-m (190 u-in.). The horizontal scale or time base was 
varied for each test speed. In the trace shown, one shaft revolution 
requires 4,6 divisions, so each horizontal division is equal to approximately 
80°of shaft rotation. 

The gap in the smooth foil of the test bearing was used to reference the trace 
to the bearing, Wlien the sensor passes over the gap in the smooth foil, the 
distance from the probe tip to the target is much greater than the probe range 
causing the probe to become saturated. As a result of this, the trace is 
driven off the oscilloscope screen. During all testing, the gap was located 
180^ from the point at which the load was being applied. In the trace shown, 
the maximum load is distributed over approximately 80^ of the bearing. 

The internal bearing clearances used in the test program were selected based 
on test experience obtained during development work on the Gas Generator 
Simulator for the Chrysler/ERDA Upgraded Gas Turbine Engine. The Hydresil 
bearings that are currently being tested by Chrysler in the Gas Turbine Engine 
are being supplied with a radial clearance of 0.031 - 0.038 mm (0.00125 - 
0,0015 inch). The two clearances tested in this program are considered to be 
approximately the tolerance extremes for a 38,1 mm (1.5 inch) diameter iiydresii 
bearing operating at tiie temperature and speed requirements of an automotive gas 
turbine engine. 
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Test Results of Compliant Bearing Tests 


i 


Tabulated test data lor selected tests is presented in Tables VI 1-1 
tlirough VlI-7* The complete film thickness test results are represented 
in the plots of Figures VlI-8 through VIT-11, These graphs show in 
dimensional form the minimum film thickness at various loads for the 
different test speeds, L/D ratios, and bearing clearances tested, 

Examination of the tabulated data shows significant differences between 
the minimum film thickness values measured at the bearing centerline by 
the inboard probe and the value obtained from the outboard probe located 
6.35 mm (0,250 inch) from the bearing edge, 

Ihe primary factor contributing to the difference in film thickness is 
the end leakage effecL In the bearing causing an axial prc*ssure gradient 
to occur, with the maximum pressure developed at the bearing midp lane. 

Ik’cause tlie bearing is coinpJiant, the foils deform unevenly with the 
largest deileetion occurring in the area where the greatest pressure :s 
developed, thereby causing an axial variation in liln: tlii<kness. Axial 
j ilni proji.les are shown later in this section. 

A second l..ctor contributing to the variation in iil:;: Lhir-knc.ss i:: axi.i! ^ 

cocking of the bearing sleeve due to the load m>t being <ippUed exactly 

tlirough the bearing ceiiterliiu*. This effect, first noticed during ti'sting | 

with Uie rigid surface hearing, is considered sfnaji when cempa.rLai l<' tiic j 

elft'cL ol tile axial pressure gradielU. ^ 

rile ininiinum filn. thickness value (.obtained at the bi*ai uig «..a‘n li- r 1 i lu* was 

list'd to pit)t the graphs of Kigpires VI 1-8 tlirt)ugli Vii-U. Tliis value was ; 

used as it is located in the region wIutv the maxintum pressurt^ is genera- ( 

ted and tlieretore sui^ports most of tlu‘ bearing load. (n addition, anv | 

eM».>ct due to CiJcking not .1 lactor. ! 

i 

I 

Ihe osi- i 1 1 oscope traces obtained as a result of tlu-si- tests are pres(iit*-d j 

in tl/e dis<ussion portion of this settion. | 

I 
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TABLH VLl. - I 

COMl'I.UiiM UCAKlNc; UA'i'A I'KUM 'll .B'i' if J.Ol 
'> '} 

L/D - L; L X i) = 14.6 ciiC (2.25 iir) 'IVst Spcod: 30,000 KPK 

Bearing Clearauee = 0.057 imn Test TempfraCure : Rouni Ainblenl: 

(0.00225 In) 


Dynamic Minimum Film Thickness 


Bearing Load 
N Pounds 

Bearing 

Q 

Temp . 
o 

F 

Shaf t 
mm 

Orbit 

inch 

Inboard 
...-m ^..-in 

Outboard 
,.-m u-in 

18.9 

4.25 

32 2 

90 

<0.005 

<0.0002 

9.65 

380 

13.34 

525 

41.1 

9.25 

33,3 

92 

<0 . 005 

<0.0002 

7.62 

300 

iO.29 

405 

63.4 

14.25 

35.0 

95 

«:0.005 

<0.0002 

7. II 

280 

7.49 

295 

72.3 

16.25 

36. } 

97 

<0 . 005 

<0.0002 

6.86 

270 

5.72 

225 

81.2 

18.25 

36.7 

98 

<0 . 00 5 

<0.0002 

6.35 

250 

5.08 

200 

90. 1 

20.25 

37.3 

100 

' .0 . 005 

<0.0002 

5.08 

200 

4.83 

190 

99.0 

22.25 

38.3 

101 

•:0.005 

<0.0002 

5.08 

200 

4.70 

185 

107.8 

24.25 

37.8 

100 

<0.005 

•..0.0002 

4.82 

190 

4.45 

175 

72.3 

16.25 

36.1 

97 

•0.005 

•0.0002 

6.60 

260 

5.72 

225 

41 . 1 

9.25 

35.0 

95 

<:0.005 

<0.0002 

7.62 

300 

17.40 

460 

4.4 

1 

33.3 

92 

*'0.005 

■:0.0002 

11.68 

460 

1 8 . 54 

730 
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TAliLE VII - 2 




1 




coia>i.iA.M' ui:aiun(; daia i-kum ti£S'J' // 102 
2 2 

L/D * 1; Lx D = 1.4.6 cm (2,25 in ) Tost Speed: 45,000 RPM 

Bearing Clearance = 0.057 mm Test Temperature: Room Ami. lent 

(0.00225 in) 


Dynamic Minimum Film Thickness 

Bearing Load Bearing Temp, Shaft Orbit Inboard Outboard 


N 

Pounds 

c 

F 

mm 

inch 

_ A-m _ 

u- in 

,i-m 

u-in 

4.4 

1 

37.8 

100 

0.005 

0.0002 

22.10 

870 

26.42 

1040 

18.9 

4.25 

41.7 

107 

0.005 

0.0002 

19.56 

770 

18.92 

745 

41.1 

9.25 

43.3 

110 

0.005 

0.0002 

16.26 

640 

13.07 

550 

54.0 

12.13 



0.005 

0.0002 

.5.11 

595 

11.05 

435 

76.2 

17.13 



0.005 

0.0002 

13.34 

525 

8,76 

345 

98.4 

22.13 



0.005 

0.0002 

12.19 

480 

7,24 

285 

111 .8 

25.13 



0.005 

0.0002 

11.56 

455 

6.60 

260 

125.1 

28.13 



0.005 

0.0002 

11.18 

440 

6.35 

250 

142.3 

32.0 



0.005 

0.0002 

10.03 

395 

5.84 

230 

155.7 

35.0 



0.005 

0.0002 

9.53 

375 

5.46 

215 

169.0 

38.0 



0.005 

0.0002 

8.64 

340 

5.46 

215 

182.4 

41.0 

54.4 

130 

0.005 

0.0002 

0.38 

3 .0 

5.33 

210 

194.0 

43.62 

57.8 

136 

0.005 

0.0002 

8.00 

315 

5.33 

210 

203.8 

45.32 

58.3 

i37 

0.005 

0.0002 

6.86 

270 

4,95 

195 

142.3 

32.0 

47.8 

1 18 

0.005 

0.0002 

8.89 

350 

5.08 

200 

76.2 

17.13 

44.4 

112 

0,005 

0.0002 

12.1 9 

480 

8.64 

340 

18.9 

4.25 

40.6 

105 

0.005 

0.0002 

18.80 

740 

19.43 

765 

4.4 

1 

40.0 

104 

0.005 

0.0002 

21,59 

850 

22.35 

880 


temperature readout equipment was not functioning properly 
at these points 
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TABLE VII - 3 

COMI^LIAITI BEARING DATA FROM TEST if 103 


2 2 

L/D = 1; L X D = 14,6 cm (2,25 in ) 
Bearing Clearance = 0.057 mm 

(0.00225 in) 


Test Speed: 60,000 RPM 

Test Temperature: Room Ambient 


Dynamic 

Bearing Load Bearing Temp. Shaft Orbit 

, o o . , 

N Pounds C F mm inch 


Minimum Film Thickness 
Inboard Outboard 


- in 


-in 


u-m 



TABLE VII -4 

COMPLIANT BEARING DATA FROM TEST // 106 




I 


I 

r 

i 

I 


f 


[ 
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2 2 

L/D = 1; L X D = 14.6 cm (2.25 in ) Test .Speed: 30,000 KPM 

Bearing Clearance = 0.0318 mm Test Temperature; Room Ambient 

(0.00125 in) 


Dynamic Minimum Film Thickness 

Bearing Load Bearing Temp. Shaft Orbit Inboard Outboard 

Pounds °F nin inch ,jL-m u-in g-m 


4.4 

1.0 

28.9 

84 

<0.005 

<0.0002 

13.97 

550 

18.42 

725 

I 

18.9 

4.25 

30.6 

87 

<0.005 

<0.0002 

13.21 

520 

1.5.88 

625 


41.4 

9.25 

31.1 

88 

<0 . 005 

<0.0002 

12.45 

490 

13.72 

540 


63.4 

14.25 

33.3 

92 

<0.005 

-0.0002 

9.27 

365 

7.24 

285 


76.7 

17.25 

32.8 

91 

<0.005 

<0.0002 

8.26 

325 

6.10 

240 

1 

90. 1 

20.25 

33.9 

93 

<0.005 

<0.0002 

7.75 

305 

5.72 

225 

.1 

103.4 

23.25 

35.0 

95 

<0.005 

•"0.0002 

6.73 

265 

5.33 

210 


116.8 

26.25 

35.6 

96 

<0.005 

<0.0002 

6.35 

250 

5.46 

215 

* 

130.1 

29.25 

35.0 

95 

<0.005 

0.0002 

6.10 

240 

5.21 

205 


14 3.5 

32.25 

36.7 

98 

<0 . 005 

<0.0002 

5.59 

220 

5.08 

200 


J 16.8 

26.25 

35.6 

96 

<0.005 

<0.0002 

6.60 

260 

5.33 

210 

< 

76.7 

17.25 

35.0 

95 

<^0 . 005 

<0.0002 

8.38 

330 

5.21 

205 

1 

\ ' 
i 

41 . I 

9.23 

34.4 

94 

<0.005 

<0.0002 

12.57 

495 

10.80 

425 

18.9 

4.25 

33.3 

92 

-.0.005 

<0.0002 

12.83 

505 

15.75 

620 

i 

i 

4.4 

l.O 

32.8 

9i 

<0.005 

<0.0002 

1 3 , 84 

545 

18.92 

745 
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C0M1’LI/\NT BEARING DATA FROM TEi?T If 107 



L/D = i 
Bearing 

; L X D - 
Clcar^ince 

14.6 dll’ ( 2,25 in 
= 0.0318 mm 
(0.00125 in) 

) 

Test 

'rest 

Speed; 45,000 REM 
Tempei'ature ; Room 

Amb. 

Hearing 

N 

Load 

Pounds 

Hearing Temp. 

Dynamic 
Shaft Orbit 
mm inch 

Minimum Film 
Inboard 
u-m ,.-in 

Thickness 
Outboard 
ij,-m u-in 

4. A 

1.0 

37.8 

100 

0.005 

0.0002 

19.56 

770 

18.54 

7 30 

18.9 

4.25 

40.6 

105 

0.005 

0.0002 

15.49 

610 

16.00 

630 

41,4 

9.25 

43,3 

110 

0,005 

0.0002 

13.59 

535 

12.19 

480 

66.0 

14.85 

45,0 

113 

0,005 

0.0002 

11.56 

455 

9.02 

355 

86.5 

19.45 

47.2 

117 

0.005 

0.0002 

10.41 

410 

7.11 

280 

108.8 

24.45 

48.3 

119 

0.005 

0.0002 

9,27 

365 

6.35 

250 

122.1 

27.45 

48.9 

120 

0.005 

0.0002 

8.64 

340 

6,10 

240 

135.4 

30.45 

50.6 

123 

0.005 

0.0002 

8,13 

320 

5.97 

235 

148.8 

33.45 

51.7 

125 

0.005 

0.0002 

7.37 

290 

5.33 

210 

1 63.0 

36.05 

53,3 

128 

0.005 

0.0002 

6.22 

245 

4,06 

160 

178.2 

40.05 

53.3 

128 

0.008 

0.0003 

5.21 

205 

4.06 

160 

191. 5 

43.05 

56.7 

134 

0.008 

0.0003 

4.45 

175 

3.81 

150 

2 00.4 

45.05 

56.7 

134 

0.008 

0.0003 

4.32 

170 

3.81 

150 

178.2 

40.05 

54.4 

130 

0.008 

0.0003 

5,72 

225 

3.94 

155 

148.8 

33.45 

53.9 

129 

0.005 

0.0002 

8.00 

315 

5.46 

215 

108.8 

24.45 

52.2 

126 

0.005 

0.0002 

9,65 

380 

6.35 

250 

86.5 

19.45 

50 

122 

0.005 

0.0002 

10.54 

415 

7.11 

280 

52.7 

11.85 

50 

122 

0.005 

0.0002 

12.07 

475 

10.41 

410 

18.9 

4.25 

47.2 

117 

0.005 

0.0002 

15.62 

615 

15.88 

625 

4.4 

1 .0 

46,1 

115 

0.005 

0.0002 

17.02 

670 

18,92 

745 
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TA»U: VJl - 6 


COm^LIANT BEARING DATA KRUM TKST II 108 


2 2 

L/D “I ; Lx L = 14.6 cm (2.25 in ) 
Bearing Clear.-ince 0.0318 

(0.00125 In) 


Test Sneed; 55,5000 Kl’H 
'I'esC 'I'einperature: I'oom AnibicnL 


Dynamic Minimum Film Thickness 


Bearing Load 
N Pounds 

Bearing 

o 

C 

Temp . 

Shaft 

mm 

Orbit 

inch 

Inboard 

Ou tl^oard 

i2-m fL-ln 

18.9 

4.25 

44.4 

112 

0.008 

0.0003 

20.96 

825 

10.67 

425 

57.2 

12.85 

47.8 

118 

O.OlO 

0.0004 

16.38 

645 

8.13 

340 

79.4 

17.85 

-.50,0 

122 

0.010 

. 0.0004 

14.76 

660 

7.49 

295 

106.9 

24.05 

51.7 

125 

0.013 

0.0005 

13.97 

550 

6.22 

245 

129.2 

29.05 

54.4 

130 

0.013 

0.0005 

12.83 

505 

5.46 

215 

142.5 

32.05 

55.6 

132 

0.013 

0.0005 

10.67 

420 

4.19 

165 

155.9 

35.05 

56.1 

133 

0.013 

0.0005 

10.03 

395 

5.59 

220 

169.3 

38.05 

56.7 

134 

0.013 

0.0005 

9.78 

385 

4.95 

195 

185.2 

41.65 

62.2 

144 

0.0L3 

0.0005 

8.76 

345 

4.70 

185 

198.6 

44.65 

63.3 

146 

0.013 

3.0005 

8.13 

320 

4.32 

170 
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TAbLi; VU - 7 

COMPLIANT liEARING uATA I'RUM 'i'l'ST // 112 
2 2 

L/D = L X D = 7.25 cm (1.125 in ) Test Speed; 45,000 RPM 

Bearing Clearance = 0.0318 mm Test Temperature- Room Ambient 

(0.00125 in) 


Bearing Bearing Dynamic Minimum Film Thickne;^s 

Load Temp. Shaft Orbit Outboard Center Inbo.ard 


N 

pounds 

C 

F 

mm 

inch 

-m 

,L-in 

u-rn 

in 

u-tn 

.t- in 

4.4 

1.0 

41.7 

107 

0.008 

0.0003 

6.99 

275 

10.92 

430 

5.84 

230 

18.9 

4.25 

45.6 

114 

0.008 

0.0003 

5.97 

235 

8.26 

325 

5.08 

200 

28.7 

6.45 

46.1 

115 

0.008 

0.0003 

5.33 

210 

b.48 

255 

4.83 

190 

37.6 

8.45 

47.2 

117 

0.008 

0.0003 

5.08 

200 

:?,y8 

235 

4.45 

175 

45.5 

10.45 

48.9 

120 

0.008 

0.0003 

4.32 

170 

5.21 

205 

4.06 

160 

55.4 

12.45 

50.0 

122 

0.008 

0.0003 

3.94 

155 

5.33 

210 

3.81 

150 

64.2 

14.45 

52.2 

126 

0.008 

0.0003 

3.56 

140 

5.08 

200 

3.43 

135 


I 

f 
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MINIMUM FILM THICKNESS, /x m 



im 

:5 IN.) 


C 

c 

L 

5 30, 
: 45, 
^ 60, 




800 ‘A 




r 

.Jn_ 

1 □ 


400 2 








MINIMUM 


L / D = I 

C = 0.0318 mm 
(0.00125 inch) 





o 30,000 RPM TEST POINTS 
□ 45,000 RPM TEST POINTS 
A 55, 000 RPM TEST POINTS 


A ' 


BEARING LOAD, N 

VM-'-* l./l)=l. 0^0.0 UK iTin: H>; jut i nu'ii l ,i I Minimun! ViliM rtii.km’ss 

V.'iliu'.s, ('.niTip 1 i .in I Surl.ui' 


MINIMUM FILM THICKNESS u-in 
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mm: Kxpf r i inrn t a 1 Minimum Film ThiiKiu-.-.s 

L Surface liuar in^ 




MINIMUM FILM THICKNESS , p m 
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1 



Fig. Vll-il l,/D=l/2, C=0.031H Kxpt* r i mi'n ta 1 Minimum F i 1 m T))i rkness 

Valui‘s, (\>mpliant Surface Bra ring 


MINIMUM FILM TH ICKNESS.p in 





Dlscuvssion of C om pliant: Bearing Test Results 

Testing was to be conducted at three speeds: 30,000 rpm; A 5, 000 rpm; and 

60,000 rpm. Although testing was conducted at 60,000 rpm, and data ob- 
tained at this speed, the majority of the high speed test data was nhtaitu-d 
at 55,000 rpm. The dynamic shaft orbit diameter increased from 0.0076 mm 
(0.0003 inch) to 0.0178 mm (0.0007 inch) when the shaft speed was inereasi-tl 
from 55,000 rpm to 60,000 rpm. This increase in dynamic shaft mot ion was 
enough to cause some small motlcjn of the bearing cartridge and housing 
which resulted in multiple traces of tlie film thickness profile on tlu* os- 
cilloscope. This motion, although very small, did hinder obtaining clear 
film profile traces at the 60,000 rpm speed condition. 

Utilization of the rotating film thickness sensors providc*d a unique met:hod 
of examining the effect of design and operating parameters on the film 
thickness profile of the Hydresil Compliant Bearing. The film profiles 
for the compliant bearing, unlike the symmetrical trace of the rigid sleeve 
bearing, r ntain many non-uniform characteristics, some of whii-h cannot 
yet be completely explained. The following set'tions contain a discussi(jn 
of various film profile traces that have been selected to show the cffc'ct 
of various design and Lest parameters. 

Chanj;es in f i_hn due cU*s i^gn par/inu* t L»rs 

During this Lest program, twe) bewaring design parameters weri* varied, 
bearing clearance and bearing T/D ratio. Kigure VTl-12 shows the et 1 c*et 
of changing bearing clearance while maintaining all <»( iu‘r test I'onditiens 
constant. Tlie basic principle that improved confonuitv between be.iring 
and journal incri*ases load performance applies to the compliant ’Tearing. 

Tlu‘ smaller clearam-e increases bearing conformity, tlu^refore, load 
capacity or film tliic'kness at a g,iv(‘n set of test conditions g,enerally 
increases with dis-reasinjt cie.irance. Detaili»d examination ot all film thick- 
ness test data shows that larger minimum film tliickness values weri- obtained 
with tile smalK-r lu‘arin>^ I'learanci' for all test conditions exv ept one. 

MLnimum t i Im thickiu'ss test delta fi^r the h/D - 1 bearin>z; at An, 000 rpm was 
slight Iv lar>;i*r lor the test heaiMng with the larger heariin; clearance, 
exj^lanation tor (his c.m he givL-n at t h i .s timi,*. 
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REPRODUCUilUTY OF THl: 
ORIGINAL PAGE I? P<»'R 



L/D= I 

TEST SPEED: 30,000 RPM 
TEST LOAD: 6.2xl04N/m2 
(9 PSD 

MINIMUM FILM 

THICKNESS: 7.75^ m 

{305/1 IN.) 

C: 0.0318 mm 
(0.00125 IN.) 


L/D = I 

TEST SPEED: 30,000 RPM 
TEST LOAD: 6.2 x 10^ N/m^ 
(9 PSD 

MINIMUM FILM. 

THICKNESS: 5.08/im 
(200 /X IN.) 

C: 0.0572 mm 
(0.00225 IN.) 




Figure VII-13 shows the effect of two L/D ratios. At the same test 
conditions, the minimum film thickness value for the L/D = 1 bearing is 
approximately twice the value for the L/D = 1/2. All the data shows a 
substantial redaction in bearing load capacity for the L/D =1/2 bearing 
compared to the L/D = 1 bearing. This can be attributed to the L/D = 1/2 
bearing being "all edge" and end leakage becoming more significant in its 
effect on bearing performance. 

An axial profile of the minimum film thickness value was obtained for the 
L/D = 1 test bearing. The film thickness profile and minimum value was 
obtained at 3/175 mm (0,125 in) increments between the bearing centerline 
and 1,65 mm (0.065 inch) from the bearing edge. An accurate trace could 
not be obtained at the bearing edge as the guard electrode and center 
electrode of the capacitance probe sensor must both be inside the edge of 
the smooth foil. The profile and value obtained from the sensor are at the 
centerline of the sensor. Figure VII-14 shows the film thickness profile 
at four (4) axial positions and the axial profile of the minimum film 

thickness , 

An objective of the film thickness measurement testing was to obtain data 
that would assist in improving the load performance capability of the compliant 
surface journal bearing, Kxamination of the film thickness traces show that 
in the loaded region of the trace, a low amplituae sine wave pattern appears. 

As the load is increased, the amplitude of the pattern increases. The cause 
of this pattern is attributed to the smooth foil "dipping" between the con- 
volutions in the bump foil. Figure VII-15 shows a schematic of the smooth 
foil "dipping between the bumps and the period of the sine wave trace corres- 
ponding to the pitch of the bumps. Also included are two oscilloscope traces 
which show the "dipping" and the variation in the amount due to bearing loading. 
Shown in Figure VII-16 are two oscilloscope traces obtained at the same test 
conditions; Trace A is at the bearing centerline and Trace B is obtained 
6,35 mm (0.25 inch) from the bearing edge. The "dipping" is very prominent: 
in 'Irace A, IniL cannot he distinguished in Trace B. This comparison shows 
that pressure generated by the bearing is substantially different at the 
two points, and tlie bearing load is being predominately carried by a narrow 
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L/D = I 


L/D = 1/2 


TEST SPEED: 45,000 RPM 
TEST LOAD: 6.78 x lO"^ N/m^ 
(9.83 PSI ) 


TEST SPEED: 45,000 RPM 
TEST LOAD: 6.54 x 10"^ N/m^ 
(9.5 PSI) 


MINIMUM FILM 

THICKNESS: 10.16^ m 
(400 /LI IN.) 


C: 0.0318 mm 


(0.00125 IN.) 


MINIMUM FILM 

THICKNESS: 5.2>im 

(205/1 IN.) 


C: 0.0318 mm 
(0.00125 IN.) 
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POSITION # 


POSITION #2 


POSITION #3 
L/D = I 

TEST load: 2.8 x 10^ N/m^ 
(4.1 PSD 


T 


POSITION #4 

TEST SPEED: 30,000 RPM 
C: 0.0318 mm 
(0.00125 IN.) 


BEARING 

EDGE 


#2 #3 


■i 6.350 
mm i 

to. 250 IN.) 


BEARING 


Li. (0 

- 600 

- 400 Ig 

- 200 |x 

5l~ 

-I 0 






, SMOOTH 
^ FOIL 
: DEFLECTION 



'r*- I CONVOLUTION 


'27 CONVCLUTIONS/BEARING 
1 CONVOLUTION = 13.3® 

OSCILLOSCOPE TRACE 
I CYCLE*- 8 DIV. 

1 DIV. = 45® 


I CONVOLUTION ». 3 DIV. 


KT.J 


‘1 iTg 

aadiHritJ a&J. jmai ^ 1 




L/D = I 

TEST SPEED; 30,000 RPM 
TEST LOAD: 2.826 x 10^ N/m^ 
(4.1 PSD 

C: 0.0318 mm 
(0.00125 IN.) 

MINIMAL SMOOTH FOIL 
DEFLECTION UNDER LOAD 



L/D = I 

TEST SPEED; 30,000 RPM 
TEST LOAD; 1.11 x 10® N/m2 
(16.1 PSD 
0; 0.0318 mm 
(0.00125 IN.) 

SMOOTH FOIL DEFLECTION 
UNDER LOAD APPROXIMATELY 
3.81 ^m (150^ IN.) PEAK-TO- 
PEAK 




( 



INBOARD PROBE AT OUTBOARD PROBE AT 

BEARING CENTERLINE 6.35 mm (.25 INCH) 

FROM BEARING EDGE 


L/D = I 

TEST SPEED; 30,000 RPM 
TEST LOAD: 9.24 x lO"^ N/m^ 
(13.4 PSD 
C; 0.057 mm 
(.00225 INCH) 


i 

i 


Hl'lPK()I)ir(']|!ii,fTv ,,i 
ORKJIN-AL r.\(;i (• ) .;, :i 
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band in the center uf the bearing. The ’’dipping** of the smooth foil between 
the bumps was shown analytically in Reference [2] to be detrimental to 
bearing operation in that the more flexible the smooth foil, the smaller the 
predicted minimum film thickness. The axial grooves formed by the ’’dipping" 
can seen to provide a source of escape for the air which would tend to 
diminish the buildup of hydrodynamic pressure. The film thickness profile 

1 

traces reveal that tlie "dipping" is significantly more than anticipated in ; 

the design analysis and does affect the load capacity of the bearing. 

The amount of smooth foil deflection can be controlled by varying bearing 
design parameters such as bump geometry or smooth foil thickness. Decreasing 
the bump pitch will reduce smooth foil deflection, however, t)\e bearing 
stiffness and damping cliaracteristics will also change. Increasing smooth 

foil thickness again will luce "dipping", but will decrease bearing con- | 

formability and compliance, 

I 

ilie program schedule did not allow extensive^ testing to be conducted to ^ 

experimentally determine tlie amount oi increased load capacity tliat could ! 

be ol)tained by minimixing smooth foil deflection. One test was however ^ 

conducted. A hearing was tabrlvaled with the bump foil inverted as shown ' 

in ligpire VI1-I7. ibis allowed tlie smooth foil to be supported over a I 

1.02 i:im (0.040 incii) widt? flat rather than at a line and effectively ^ 

decreased tlie unsupported span of the smooth foil. During testing with 
the ciMiven tional Hvdresil, the maximum steady state load capacity obtained 

at Kj,UU0 rpm was 1.4 x lO^N/nr (20.4 psi). Further attempts to increase \ 

the lead resulted in a lii gh speed ruh . Utilixing tlie hearing with the ^ 

Inverted hump foil, a load ol I.b'j x 1 u'^N/m (24.0 psi) was obtained prior ^ 

to a high speed ruh occurring. Also siiown in Figure Vi 1-17 is a typical 
oscilloscope trace obtained during testing, with the modified bearing,. (n 
the leaded ro’ion, tlu' iraia: shows a minimal amount of .smooth, loii ”dip- 
P'ing, .uid I .ihits a di 1 lensit wave form than tlu* conventional liearings, 
the wave t o rm resembles the sidiematic shown below the oS(' i 1 1 osrope trace 
Wtii le iuvei'Ung, lIu* hump ii»il did in this ivise increase tlie bearing, 
lead cap. tv it\, Jt I’lav liavt* tUiu‘r i* Meets that might lx.* detrimental tt^ 
nennai bearinc, epei.tliisi. It did show however, tliat minin:ixiii;; smoolh 
tei; uippitw v.i c.vi iiatv.j.‘a- ht iritpc le.ul ca[>fi* itv. 
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in T i I in tl,i(kiu‘ss due* in ti'sl p ai'ajiu’ Lt' rs | 

Tt‘s I spc'od and load wiTo varlod in llio j)rop,raiii Lo doioriniiu* Llio i i 

on inininmin li Ir.i ih u-.knosj; . l)\irin>» inu’h u^sl , ihk* spood was mainlainod 
fonsLanL ,ind Liu* load iiu‘roasL*d in small i lUTi’iiion ts . Hji'uros Vli-18 and 
Vli-19 sliow iho i;s r i I 1 osciJpo traces i)hLaiiu*d at the same speed lor Lliree 

dil fc.Teiu load rundi Lions for the \J\) - I and L/D 1/2 Lest beariiiijs. . 

Increased load decreased the film thickness in ail cases. 

One of the l)aslc advantages of Lfie t'ornpllant bearing is its ability to 

deflect under load and (‘onform to the journal. This feature allows the 

Icmd to he distributed over a relatively large area giving the compliant bearing 

greatei’ load capaci tv than a j*igid surface bearing. The cjsc i i 1 os cope 

traces showni in Figure Vll-18 illustrate the load being distributed over ; 

a larger area with increased load. In Trace A the bearing is lightly 
loaded and the load suppt>rL region, which coincides witli the minimum film 
thickness, is approximately 2 3*^ (1 div - 50°) of the bearing. The bearing 

is heavily loaded in Trace C and the load support region has increased ! 

to approximately 85° of the bearing. 

expanded plot of a typical film thickness trace for the compliant sur- 
face bearing is shown in Figure VI 1-20. A comparison of Figure VII-20 
with Figure ViI-4, which is a similar plot for the rigid surface plain 

sleeve bearing, illustrates the vast difference in the load sapj-ort ^ 

region of the two bearings. 

*. 

Figure VIl-21 is a polar plot of the film thickness profile for the compliant ) 

test bearing. Indicated on the plot at PositionQ is the start of the loose ^ 

end of the smooth foil. At PositlonQa "hump" appears. This "hump" Is ' 

believed to bo caused by the end of both the bump and smooth foils not being . 

properly lormed to the bearing diameter. Forming techniques now used produce a 
straight section at the end of the smootli foil v;hich is believed to be the 
cause. Hxamination of bearings that have been tested, both in this program and 
others, show distinct polishing of thd dry film in this area. The region of 

minimum film thickness which encompasses 80° of the bearing Is shown at Position . 

(ji Tlie approximate location of the last support bump is indicated at Position 
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UKi'RODCCIHIUTY OF TIJF 
IMOiVAi, I'AOi; IS I'OMh' 

L/D = I 

TEST SPEED; 30,000 RPM 
TEST LOAD: 3.03 x 10^ N/m^ 
(.44 PSD 

MINIMUM FILM 

THICKNESS: 13.97 /xm 
(550 IN.) 

C: 0.0318 mm 
(0.00125 IN.) 


L/D = I 

TEST SPEED; 30,000 RPM 
TEST LOAD; 8.04 x 10^ N/m 
(11.67 PSD 

MINIMUM FILM 

THICKNESS: 6.35 /x m 

(250 ^ IN.) 

C: 0.0318 mm 
(0.00125 IN.) 


L/D = I 

TEST SPEED: 30,000 RPM 
TEST LOAD: S.SSxlO^N/m^ 
(14.3 PSD 


MINIMUM FILM 

THICKNESS: 5.59^ m 
(220 /X IN.) 

C: 0.0318 mm 
(0.00125 IN.) 






A 



B 


L/D = 1/2 

TEST SPEED: 45,000 RPM 
TEST LOAD: 6.13 xlO^ N/m2 
(.89 PSD 

MINIMUM FILM 

THICKNESS: I0.67^m 
(420^ IN.) 

C: 0.0318 mm 
(.00125 IN.) 


nEPRonL'aj3jr./|v 
OlilGils'AL PAuL LS 


OF TUI-: 
i'UoK 


L/D = 1/2 

TEST SPEED; 45,000 RPM 

TEST LOAD; 3.83 x 10*^ N/m^ 
(5.56 PSD 


MINIMUM FILM 

THICKNESS; 6.99 ^ m 
(275>t IN.) 


C; 0.0318 mm 
(0.00125 IN.) 



C 


L/D = 1/2 

TEST SPEED; 45,000 RPM 
TEST LOAD: 8.85 x 104 N/m2 

(12.84 PSD 


MINIMUM FILM. 

THICKNESS; 4.83 /^m 
(190 M IN.) 


C: 0.0318 mm 
(0.00125 INCH) 




7 > 




.006 


.005 


.004 


.003 


.002 


.001 


0 


FILM THICKNESS, INCH 





(2l Tile smooth foil is welded to a spacer block which is 0,23 nun (.009 inch) 
smaller in height than the bump foil. The sharp change in the film proiile 
between Positions (4) and (3) is due to the height difference between the bump 
foil and spacer block. The gap in the smooth foil which is i v.i ! cnl to uni* 
bump pitch, 13^, is located at Position(^ Comparing Figure VI L-21 with 
Figure Vll-5 again illustrates the vast difference in film profiles of compliant 
and rigid surface bearings. 

Bearing load capacity or minimum film thickness increases with increasing speed 
at a constant load. Figure VII-22 shows the oscilloscope traces for the film 
thickness profile obtained for three speeds at a constant load. At almost all 
test points, film thickness increased with increased speed. The test points 
obtained at high loads at 60,000 rpm with the L/D * 1, C = 0.057 mm (0.00225 inch) 
test bearing had approximately the same film thickness values as those obtained 
with the same bearing at the 45,000 rpm speed condition. This was believed to be 
caused by the increased shaft motion which occured at 60,000 rpm. The increased 
shaft mouion, which was discussed earlier in this section, was thought to be 
adding dynamic loads to the bearing. in tlie subsequent testing sequences, tlie 
maximum test speed was 55,000 rpm and, in all cases, the minimum film thickness 
value increased witii increased speed. Increased rotor speed at constant load 
also varies the internal size of the bearing. Figure VII-23 is a polar plot 
showing the film thickness profile for the three speeds at a constant load. 

The plots indicate that as speed increases the internal bearing size increases. 

Bear ,i ng j^tj. i L u d e a n^ 1 

Tin* test bearing altitude angh- was obtained utili;^iiig the use i I i osrupi.- irata- 
of the film thickness profile. Angular orientation of the ose i 1 1 oscope (race 
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L/D- I 

TEST SPEED; 30,000 RPM 
TEST LOAD: 4.34 x 10^ N/m2 
(6.3 PSD 

MINIMUM FILM 
THICKNESS: 9.27 

(365m IN.) 

C: 0.0318 mm 

(0.00125 IN.) 


L/D = I 

TEST SPEED: 45,000 RPM 
TEST LOAD: 4.34x10^ N/m^ 
(6.3 PSD 

MINIMUM FILM 
THICKNESS: 11.56 

(455 m'N.) 

C; 0.0318 mm 
(0.00125 IN.) 


L/D = I 

TEST SPEED: 55,000 RPM 
TEST LOAD; 4.34 xl04N/m2 
(6.3 PSD 


MINIMUM FILM 

THICKNESS: 16.38 m nn 
(645m in.) 

C: 0.0318 mm 
(0.00125 IN.) 
















NOTE 


TEST SPEED = 30,000 RPM 
TEST L0AD:3.03x 10^ N/m^ 
(.44 PSD 

LOAD IS APPLIED AT 0® 


180° 

I CYCLE— H 


0 ° 


180° 



' VERTICAL SCALE 
ON THIS TRACE 
ONLY, I DIV«0.0254mm 
(0.001 in) 


lIU MIDPOINT OF REGION 

llj I OF MINIMUM FILM THICKNESS 


^ REGION OF MINIMUM 
' FILM THICKNESS 



6a * 3 DIV = 25° 


"■■■ i ; 1.".. .-p. 1;, :P'. , :■ 
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TABULATI-f) DATA FOR BE ARING Arn TU.r)J^ ANpj'ji 
2 2 

L/D = 1; I. X 1) = 14 » 6 rm (2*25 in ) Tfst Spac’d: As Inclicntt-d 


Bearing Clearance: 
Bearing 

_N 

0.0318 mm 
(0.00125 inch) 

Load 

pounds 

Test 

Speed 

rpm 

Timiperat ure: 

Kontn Ambi<,Mil 

At t itnde Angl 
degrt.*es 

4.4 

1.0 

30,000 


2 5 

41*1 

9.25 

30,000 


20 

63*4 

14.25 

30,000 


18 

90*1 

20.25 

30,000 


1 5 

116*8 

26.25 

30,000 


13 

142.3 

32.0 

30,000 


12 

18*9 

4.25 

45,000 


2 5 

63.4 

14.25 

45,000 


22 

98*3 

22.1 

45,000 


18 

135.4 

30.45 

45,000 


15 

163.0 

36.65 

45,000 


14 

18.9 

4.25 

55,000 


28 

63.4 

14.25 

55,000 


25 

107.0 

24.05 

55,000 


22 

142.3 

32.05 

55,000 


17 

169.0 

38.0 

55,000 


15 
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Influence of bearing accuracy on performance 


The nature of the compliant surface bearing does not allow for an accurate 
dimensional inspection to be made after the bearing is fabricated. Corn- 
components which make up the bearing such as bump and smooth foils and bear- 
ing cartridge are inspected prior to assembly, but a certain amount of art 
is still involved in the assembly procedure. Because of the small air 
film, minor discrepancies in the bearing can have a significant influence 
on performance. Normally, the discrepancies would not be noticed unless 
maximum bearing performance was sought. However, the rotating sensor sys- 
tem allowed bearing discrepancies to be readily noticed*— 

Trace A in Figure VII-25-shows the film thickness profile of a bearing 
which did not have a typical film thickness profile. The bearing operated 
normally under light loads and would have been considered a serviceable 
bearing had it not been for the film thickness trace. Close inspection 
of the bearing after running revealed that the bump foil had not properly 
conformed to the bearing cartridge creating a local high spot at Point ill 
shown on the trace. The bearing also contained a clearance adjustment 
shim which was installed too close to the spacer block creating another 
irregularity in the bearing at Point 112. Trace B in Figure VII-25 shows 
the resulting film thickness profile when the loose end of the smooth 
foil is not properly formed. In this bearing, the loose end had a smaller 
radius than the bearing and air was drawn in under the smooth foil causing 
the very end of the smooth foil to contact the shaft. In another case, 
an irregular film profile was obtained which could not be completely 
explained as shown in Trace C of Figure VII-25, 

The results of these tests indicate fabrication accuracy may be a potential 
problem with the compliant surface bearing for high performance applications 
such as the automotive gas turbine. Insights gained through this program, 
such as proper conformity of tlie smooth foil in the inlet region, have 
allowed advances lo be made In eliminating l.i'.is problem. It is also felt 
LiiaL with sufficient toi:ling, of the type that would be required for volume 
production, proper and consistent forming of the foils ern be accomplished and 
accurate bearings can be fabricated. 
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Foil excilatlon by cuoitiig aLr 

Shown iu Figure VI 1-26 is an osciiloiricope trace of tlie lilm tliickness 

profile for a lightly loaded test bearing. In this test, a larger than 

normal flow of cooling air was introduced to tlie bearing. As tiie air 

entered the bearing, it excited the free end of the smooth foil causing 

it to vibrate and produce a audible high frequency pitch. Although there 

was no noticeable effect on bearing operation, if operation continued under tlK*se 

conditions, the smooth foil could have eventually failed under high cycle 

fatigue. The problem corrected itself when either the load was increased or the 

cooling air flow was reduced to the normal level. 

Tills test illustrates the importance of properly designing the cooling air 
supply system, A discussion of various methods for supplying cooling air to the 
bearing is contained later in this section. 
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HKl'KODlICIlill.ITY OP TUP 
. ii;|(,l\AI, I’AOP IH 



EXCITATION OF FREE END OF TOP FOIL 
BY COOLING AIR SUPPLY 





11 Kill tkmp1‘:katl:kk 'ri^rrs 


[\\c final surli^s ol tu.st.s wuru condiutlud /il an ainbicnL /ind bcarlnj* 

Lc*nij)c ra t urt* of 31.^ (/ (600^F), These tests were conduc.'ted to measure 
the bearing cool ing air fJow requirements and to determine the el feel 
of possible thermal distortion on be.aring performance* For the te.-Us, 
a solid non-ins trumented test shaft with a plasma sprayed chroiiu* 
carbide coating on tlie test Journal surface was to be utilifced. Alter 
initial testing, the chrome carbide was removed I rom the lest it>ur.ial 
for reasons discussed later in this section, and lan uncoated wrought 
steel test journal was used* 

I he testing was conducted as follows: the Lest bearing housing tempera- 

ture Wc's maintained constant throughout the test at 3I5®C (GOO^'F) ; the 
test bearing cooJing air temperature was maintained constant at 205°C 
(400®F) : and the test bearing temperature, which was measured on the 
back of the bump fol.l , w*as maintained constant at 315®C (600°F) by 
varying the quantity of cooling air supplied to the test bearing. While 
maintaiiiing a constant tt'st speed the hearing load was increased. 
Temperatures were allowed to stabilize, and adjustments were made to 
the cooJ.ing air flow to maintain the constant test bearing temperature. 
Testing was conducted at three (3) speeds: 30,000 rpm; 39,000 rpm; 

and 43,000 rpm. 

Temperatures selected were chosen to be representative of temperatures 
anticipated in ;•*' automotive gas turbine engine. 

Ri:sn;i>; fok fli-vatfi) [t:mfkkaii!U1£ t!‘:stinc 

Test data for selected elevated temperature tests are sliowMi in tabulated 
term in 'fables VI 1-9 through Vli-ll, The i:om|vletc‘ bearing cool ing air 
I low lest data is presented in the graph of Kigiirt* VlJ-27. Figure Vi 1-28 
is a l\’pica! l laua* o! the test hearing temperature, whicli shows it was 
maintained relalivi*!v eonslaiU throughout tiie testing. The test points 

noted ci*rrespoud io ilu* lesl rorulitit)ns tabulated in Tables VI 1-10 and 

\' ! ! - 1 I . 

'Ihe 1 ilia I tv’st conducted at tlu* 3i3^C (600°F) temperature was fv)r the 
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Tahl.' VM-ln 

COMJ’UAXn’ bA'i A JKOM TLST // 220 


2 1 

L/1) - 1; Lx i) = 14.0 cm (2.25 In ) 
Bearing Clearance: 0.0318 mm 

(0.00L25 in) 


'I’esL Speed; 39,000 1U>M 

u 

'jest Temper a Lu re : 315.6 C 

(ooo'^o 


Te s L 

Po i n I e a rTng Lo ad 

Pig. VII-28 N lb 


Floating 
Housing 
Temp . 

C F 


Test 


Hearing 


o 


Temp . 
C 


Hearing 

Cooling Cooling 

Air 'I’emg . A i r F 1 ow 

F kg/min Ib/min 


8. 

9 

2 

3L5, 

,0 

599 

321.1 

610 

204.4 

400 

0. 

043 

0. 

096 

31. 

^ 1 

7 

315, 


—599 

319.4 

607 

205.6 

402 

0, 

.044 

0, 

,098 

53, 

.4 

12 

320, 

.6 

609 

321 . 1 

610 

206.7 

404 

0, 

.046 

0. 

.103 

75. 

. 6 

17 

318. 

.3 

605 

319.4 

607 

24»>3 

398 

0. 

.048 

0. 

. 105 

97. 

.9 

22 

316. 

.7 

602 

319.4 

607 

203.9 

399 

0, 

.049 

0. 

.107 

120. 

. 1 

27 

317. 

.8 

604 

319.4 

607 

206.7 

404 

0 

.051 

0, 

.113 

142. 

.3 

32 

321, 

,1 

610 

323.3 

614 

207.2 

405 

0 

.053 

0 

.117 


(S) (S) C§) (S) 


COt'W 1 .lAMT bhiAlUNG DATA i'KOH TLST il 220 


2 2 

l/D = 1 ; L X D ^ 14.6 cm (2.25 in ) 
Bearing Clearance : 0.03L8 mm 

(0.00125 in) 


Test Speed: 45,000 KPM 

n 

'rest: Temperature : 3 I 5 . 6 C 
(GOO'^F) 


Te s t 
Point 

Fig. VII-28 



Floating 

Test 

Bearing 



Housing 

Bearing 

Cooling 

Cooling 

Bearing Load 

Temp . 

Temp . 

Air Temp. 

Air Flow 

N lb 

o o 

C F 

o o 

r F 

0 o 

C F 

kg/min Ib/min 


8.9 

2 

315.6 

600 

321.1 

610 

210.0 

410 

0.053 

0.116 

31.1 

7 

317.2 

603 

322.8 

613 

208.3 

407 

0.053 

0. 1 16 

53.4 

12 

315,6 

600 

321.1 

610 

203.9 

399 

0.054 

0.118 

75.6 

17 

313.3 

596 

322.2 

612 

208.9 

408 

0.058 

0.128 

97.9 

22 

313.9 

597 

322.8 

613 

206.1 

403 

0.059 

0.130 

120.3 

27 

313.9 

597 

322.8 

613 

204.4 

400 

0,059 

0.130 

142.3 

32 

313.9 

597 

322.8 

613 

204.4 

400 

0.069 

0.154 

1 64 . 6 

37 

311.7 

593 

322.8 

613 

209.4 

409 

0.077 

0.171 
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COOLING AIR FLOW, kg/min. 


C = 0.0318 mm 
- (0.00125 IN.) 


AMBIENT TEMP.: 3I5®C(600®F) 
BEARING TEMP.: 3I5®C (600®F) 

COOLING AIR TEMP.: 205®C 

I I (400® F) ^ 



o 30,000 RPM TEST POINTS 
□ 39,000 RPM TEST POINTS 

A 45,000 RPM TEST POINTS 


200 


250 


BEARING LOAD, N 


Fig. VI 1-27 F.xperi mental Data for Bearing Cooling Air Requirements 

for Compliant Surface Hearing at 315®C 


COOLING AIR FLOW, Ib/min 






purpusu i)i. ohliUuLn^ thu maxiiimm bearLu^ load pcrUmnaucn* rapaciCy, 

A lesL spciLid of 4!3,000 rpm wan st^U’cLed, wiiich co rrfS[n)ndt*d wiLli l lu* 

Lest speed used when the maximum bearing Load was obtained during 

testing at room temperature. The Load was increased in 8.9 N (2 pound) 

increments, and the bearing temperature was aLLowed to stabiLi; 2 e. Figure 

VlI-29 is tlie temperature trace tor this test. The test points correspond 

to those tabulated in Table VII- 12. A steady stale load of 
5 2 

1,75 X 10 N/m (25.4 psi) was achieved with satisfactory bearing opera- 
tion. An additional load of 8.9 N (2 pounds) was then added, for 

5 2 

a total load of 1.80 x 10 N/m (26.1 psi). The bearing supported 
this load for approximately three (5) minutes before the air film broke 
down, causing a high speed rub. In Figure VIl-29, test point 
corresponds to the time the final 8,9 N (2 pound) load was added. The 
sharp vertical rise in tLie temperature at point is caused by the 

bearing rub. The temperature trace shows that no significant rise in 
temperature occurred prior to the rub, and thus there was nc indication 
of an impending breakdown in the air film. 


DISCUSSION OF elevated TEMPERATURE TEST RESULTS 

Three (3) items of significant importance were determined from the ele- 
vated temperature testing; 

• Influence of journal surface porosity on bejiring load performance. 

• Relatively Low bearing cooling air requirements. 

• No noticeable effects of elevated temperatures on bearing perft) nuance . 

A detailed discussion of these items follows, 

Ef f ec^ts c^f Bea r inj^^ Jour nal Surf ace Porosity on He aring L oad Pe rformanc e 

During initial testing, both at room temperature and at elevated tempera- 
ture, the load performance capability of the test bearing was significantly 
below the capacity achievi*d during t!ie film thickness measurement tests. Lt 
determined through further testing that the cause of the reduced bearing 
performance was the chrome carbide coating on the test journal surtace. 
Plasma spr^iyed coatings, when finis!) grtiund, can result in a relatively 
porous surface when compared to a wrought ground steel surface. Utiliz- 
ing n Taly Surf, it was found that a qualitative comparison could be 
made of journal surfaces. Figure Vi 1-30 shows Taly Surt traces for the 


was 
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BEARING TEMPERATURE, ®C 



Fig, VI 1-29 Tvpical Trace of Tost Bearing Temper a tore 


BEARING TEMPERATURE, 


©©©©©©©©©©©© 


Ta ble VI 1-1 2 

COMl^LI/Un’ bEAlUNC DATA TROM TEST il 221* 


2 2 

L/D = 1; L X D = 14.6 cm (2.25 in ) 
Bearing Clearance = 0.0318 ram 

(0.00123 in) 


Test Speed: 45,000 Kl'M 
TesU Temperature: 315.6 C 
( 600 ^^!-) 


'I’c s t 
Point 
VIT-29 


Bearing 

N 

Load 

lb 

Floating 
Housing 
Temp . 


To s t 

Bearing 

Temp , 
o 

C 

o 

F 

Bearing 

Cooling 

Air Temp 
o 

C 

1 . 

0 

F 

Cooling 
Air Flow 
kg/min Ib/rnin 

109.9 

24.7 

315.6 

600 

321.7 

611 

207.2 

405 

0.059 

0.130 

132.1 

29.7 

315.0 

599 

319.4 

607 

207.2 

405 

0.069 

0.153 

154.4 

34.7 

312.8 

595 

328.3 

623 

204.4 

400 

0.084 

0.185 

176.6 

39.7 

313.9 

597 

328.9 

624 

208.3 

207 

0.086 

0.190 

195.3 

43.9 

314.4 

598 

331.1 

628 

205.6 

402 

0.091 

0.202 

204.6 

46.0 

313.9 

597 

332.2 

630 

203.3 

398 

0.091 

0.202 

213.5 

48.0 

313.3 

596 

332.2 

b30 

204.4 

400 

0.097 

0.214 

222.4 

50.0 

312.2 

594 

332.7 

631 

205.6 

402 

0.105 

0.231 

233.1 

52.4 

313.3 

596 

333.3 

632 

205.6 

402 

0.105 

0.231 

24 3.8 

54.8 

308.9 

588 

331.1 

628 

207.8 

406 

0. 109 

0.240 

252.7 

56.8 

312.8 

595 

332 . 7 

631 

208.8 

408 

0 . 1 09 

0.240 

261.6 

58.8 

“ Bearing siezcd after 

3 minutes at this 1 

uad cond 

i tion - 

'• - The 

purpose of this 

test 

was to determine 

the maximum 

1 oad 



capacity of the test bearing. 
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following journal surfaces: 

• Chrome carbide coating applied by plasma si)ray prnr<>ss 

• Same as above with dry film lubricant (liohman M- 1 sprayed 

over the chrome carbide, then oven cured, and burnished smooth 

• Chrome carbide coating applied by detonation gun process 

• Wrought ground steel journal with no coating 

The centerline average roughness reading is indicated on e.n h trace and 
can also serve as another qualitative method for comparison of coating 
porosity, since roughness in the journal surface is predominately caused 
by depressions in the surface due to coating porosity. 

The Taly Surf traces indicate that some voids in the coating surface are 
significantly large when compared to the minimum film thickness in the 
bearing. These large voids contribute in several ways to reducing 
bearing load performance. Basically they tend to create a dead air volume 
which will reduce the pressure generating capability of the bearing. 

Tests to demonstrate the effect of journal surface pon^sity on load per- 
formance were conducted in the following manner: utili?, Ing the same Lest 

bearing, two tests were conducted with all test conditions hold constant; 
load was added to the test bearing in small increments until the hearing 
capacity was readied. Tiic bearing capacity was defined to be the load after 
which any further increase in load would result in a sharp int'rt'ast* in tL‘st 
bearing temperature and/or a sharp decrease in rotational sjieecl. During 
the first test, the test journal surfac'e was plasma sprayed chrome carbide 
and the bearing load capacity was 5.51 x 10 N/m^ (8 psi) at ‘35,000 rpm. 

The test journal surface was then coated with dry film, oven {'urL*d, .md 
burnished smooth. This procedure partially filled in the voids in Lh(> 
chrome carbide coating, creating a denser test journal surface. The test 

was repeated and the bearing load capacity was determined to In' 7.58 x 10 N/m“ 
(11 psi). Based on this test, the lest shaft for the high temperature test- 
ing was ground uiuli'rsice to remove the chrome carbide aiui the hearing diamt'ti'r 
adjusletl to maintain tiie bearing clearaiu'e. Tt^sling, at elevated tempeiature was 
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tlK'reforo c’oaductod on an uiu*oal;od wrought sLool Journal, nnriiij' initial 
loHl Ln)» of llu‘ uncoalod tosL journal al room Lamporaluro, a load nj 
8.02 X 10^ N/m^ (12.5 ps.i' was supported at 30,000 rpin, Tlu' maximum ) o/id 
capacity was not doterminod at this time to avoid tlu* risk of a spoi*d 

rub and damage to tlic soft |ournal surface. 

Bearing Cooling Air Requirements 

The experimental values obtained for the cooling air flow, sfiown in 
Figure VII-27, are considered to be very conservative requirements for 
typical compliant journal bearing applications for the following two 
reasons : 

• The method of supplying the cooling air to the test bearing 

• The requirement to maintain the-4>eanlng-4;^mpM^pa4:4j-re the same as 
the ambient temperature. 

Method of supplying cooling air 

Test bearing cooling air for the high temperature testing was supplied 
through a flexible hose connected to the floating bearing housing at the 
top. The hose was suspended by springs, as shown in Figure VII-31 , to 
eliminate the influence of the hose on test bearing alignment. The 
cooling air was manifolded to three (3) circumferential groo'^es in the 
floating housing which fed three (3) 2.3 mm (0.090 inch) diameter holes 
in the test bearing cartridge. The cooling air entered the test bearing 
at the gap in the smooth foil, between the welded and loose end, 180® 
from the load region. 

This method of supplying cooling air to a journal bearing is, in most 
cases, not the most efficient manner. In many applications, the cooling 
air is best utilized in an arrangement which allows the cooling air to 
pass axially through the bearing. A typical cooling air configuration 
is shown in Figure VI 1-32. In this arrangement, the cooling air is 
introduced at one end of the bearing into a cavity, and forced to flow 
axially through the bump foil and air film to remove the heat generated 
by the bearing. In the method used for tlu* test program, which is used 
in applications that do not incorporate seals, when the cooling air 
enters at the gap in the smooth foil a significant portion travels 
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SECTION A-A 


Fig. VII-31 


Schematic Showing Method of Supplying Cooling Air to Test Bearing 




COMPLIANT 

BEARING 


SMOOTH 

FOIL 



Method of Supplying Cooling Air to Bearing 


axially in the gap out each end of tlie b(^*ir^ng. T[ie cooling, cffei't of 
tlio air was gained by the rotating shaft drawing the cooling, air r/klially 
around the bearing through the air film. The cooling effect lncr(^ased 
with increasing speed. In addition, in extreme t emi^erat are appl icat i onri 
when the cooling, air enters the bearing at one radial location, the 
possibility exists for local thermal distortion of the bearing .o occur 
due to temperature gradients caused by the cooling air. 

In the test rig, the shaft position is fixed, and the bearing is free to 
float, which is opposite to most applications of the compliant bearing, 
where the bearing is fixed and the shaft is free to float. Because of 
the test requirement that the bearing must be free to float, the cooling 
air configuration, which forces the air to pass axially through the bump 
foil and air film, could not be used without a complicated system of a 
cavity with seals being incorporated on the floating bearing housing. 

Maintaining bearing temperature constant with ambient temp eratu re 

The second reason for considering the measured air flows conservative is 
the requirement that the bearing temperature be held constant and at 
the same temperature being maintained on the bearing housing. This re- 
quirement was self-imposed and selected for the purpose of maintaining as 
many test conditions as possible constant throughout the entire test 
sequence. At a set of constant test conditions, the bearing temperature 
will increase as the cooling air flow is reduced. Although specific tests 
in this area were not conducted during this program, it Is known that the 
bearing temperature will stabilise at a higher temperature willi n reduced 
cooling air flow. The lower the flow, the higher the temperature. Some 
point will be reached, however, where more internal heat i.s being generated 
by the bearing than can be removed by the cooling air and tlie bearing temp- 
erature will not stabilize. When these conditions occur, local thermal 
distortions will start to vccur In the loaded area, poleiuiallv rupturing 
the air film and causing the bearing to sleze. 

Tt Is believed that lower cooling air flows may have been achieved during 
these tests if the bearing tempera ture were allow<‘d to stabilize at a 
temperature higlier than the ambient temperature. 
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Comparison o f C ooiin)^, Flows wilih l^yplcal Cas TurbLtie Kn^i^o Flows 

The bearing cooli.iij; air flows measured, eonservative as Lhe> are, sLi 1 i 
represent ins 1^'n L f lean t flows wlien compared to typical total j'as turbine 
eiii'ine flows. 'I’lie desij'n flow for the Chrys Ler/l*:i<l)A Automotive 

(.;as Turbine Is approximately 22.4 kg/min (50 Ibm/min) at 45,000 rpm. Tlie 
maximum steady state foil bearing load anticipated foi this condition 
Is 111.2 N (25 pounds). Using tlie curve of Figure VTT -27, tlie cooling 

air flow required based on the experimental test data, would be approx- 
imately 0.06 kg/min (0.13 Ibm/min) or 0.26 percent of the total engine 
f low. 


E ffects of High T emperature on Load Performance 

Throughout the elevated temperature testdrng there were no indications 
that, if thermal distortions were occurring, they were affecting bear- 
ing performance. The maximum steady-state load capacity obtained during 
these tests was 1,75 x 10^ K/m^ (25.4 psi), which was approximately 
4 , 2 

1.38 X 10 N/m (2 psi) more than obtained during testing at room temper- 
ature. Some of the additional capacity obtained may be attributed to 
the increase in air viscosity at the liigher temperature, but Is more 
likely caused by a combination of small differences between the two 
tests, l.e., variations in the two test bearings and journals, dynamic 
shaft motion, and test conditions. 

The testing was positive in showing) however, that the bearing performance 
was not degraded by possible thermal distortions occurring at. the elevated 
temperatures. Although test journal temperatures were not measured, an 
axial thermal gradient along the journal existed due to tne extensive 
oil and water cooling of the test end support ball bearing. Thermal dis- 
tortion of the bump foil, smooth foil, and/or bearing housing was also 
considered a possible factor in limiting the bearing performance at 
elevated temperatures. No measurements could be obtained to determine 
the extent of distortion, however; again the effect on performance was 
insignificant due to the combination of bearing compliance and bearing 
cooling air limitji:g the distortion. 
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SHARING LIFT OFF SPKED 


Thu lift off speed of a self •♦actiiAg bearing is the speed required to 
generate a hydrodynamic air film capable of supporting the dead weight 
load on the bearing. The lift off speed was obtained by displaying 
on a high speed chart recorder, the conditioned signal from one capaci- 
tance probe used in the friction torque system and the conditioned signal 
from the speed sensor. During the start cycle, prior to the lift off 
speed being reached, the frictional drag of the bearing is significantly 
higher than the frictional torque after lift off occurs. The lift off 
speed is defined as the speed at which the frictional torque decreased 
sharply. Figure VII-33 shows a typical trace with the method for obtain- 
ing lift off speed illustrated. Table VII-12 lists lift off speeds 
obtained with the various dead weight loads on the bearing. 


103 



CHART SPEED 


Fii’. Vll-i3 Tvpitnl Trnco 


for Ohlnining I.ift Oft Speed, 


L/D = l 
C= 0.0318 mm 
(O.OOI25in) 
TEST LOAD' 4.4 N 
(I.Olb) 

Compli.'int Surface Rearing 



TABLE VII - 13 

TABULATED DATA FROM LIFT OFF SPEED TEST 


2 2 

L/D = 1; L X D = 14.6 cm (2.25 in ) Test Speed; As indicated 
Bearing Clearance: C as indicated Test Temperature- Room Ambient 


Lift Off Speed, RPM 

Bearing Load C = 0.057mm c = 0.0318 mm 

N pounds (0.00225 in) (0.00125 in) 


4 . 4 

1 

2400 

2100 

18.9 

4.25 

3600 

2400 

27.8 

6.25 

3900 

2600 

36.7 

8.25 

4200 

3000 

43.6 

10 ..25 

4600 

3300 
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BEARING FRICTIONAL POWER LOSS 


Frictional power loss measurements were to be obtained utilizing two 
restraining flexures and the loading parallelogram as shown in Figure 
IV-1. The principle consideration in designing the torque measurement 
system was to have a system in which the dead weight load would always 
pass through the bearing centerline. If this was achieved, no error 
moment would be introduced into the system and the measurements would 
be accurate. The loading parallelogram was designed to ensure no error 
moment would be introduced; however, when testing was initiated it was 
apparent that the system was producing an error mement of significant 
value when compared to the very low bearing frictional torque losses. 

An alternate and preferred method considered for applying the dead 
weight load was to utilize a hydrostatic gas bearing. Although it was 
felt that this method would produce accurate bearing frictional power loss 
data, it was not feasible to incorporate a hydrostatic gas bearing into 
the test rig design without a very complicated design for the brush and 
slip ring assembly. In addition, this system would have had its own in- 
herent problems when >perated at the elevated test temperatures. 

The existing computer program predicts the bearing frictional power loss 
based on the film thickness calculated at a finite number of points around 
the bearing. Calculated frictional power loss for the test bearing at 
60,000 rpm and 1,53 x 10^ N/m^ (22,2 psi) bearing load is 70 watts 
(0,094 hp) , which is less than '^.l percent of the horsepower rating of 
the Chrysler/ERDA Upgraded Automotive Gas Turbine Engine, 
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VIII, ANALYSIS OF FILM THICKNESS TEST DATA 


An objective of the test program was to obtain experimental data that could 
be used to correct the film thickness values obtained from the one-dimensional 
(inf initely-long) compliant foil bearing theory discussed in Section II of 
this report. An end leakage correction factor was sought which would give 
good agreement between the analytical bearing -performance (infinitely long 
solution corrected for finiteness) and the experimentally obtained bearing 
performance. The solution of the one-dimensional foil bearing expression 
was modified to include the effects of finiteness assuming a solution of the 
form; 


^ O' , i]) = (O' ) + M(9') N (n) 


( 1 ) 


where: 


^ - PH, corrected dimensionless pressure solution 
P — p 

dimensionless pressure solution 
a 

h 

H - , dimensionless film thickness 

p - Actual gas film pressure, atmosphere (psia) 

P - Ambient pressure, atmosphere (psia) 
a 

o’- Angular displacement measured from line of centers in direction 
of journal rotation, radians 

f) - ^ , coordinate along bearing axis, dimensionless 

L 

z - Actual distance along bearing axis, mm (inch) 

L - Length of bearing, mm (inch) 

M - is a function of 0* only 
N - is a function of n only 


The functions M and N are sought which degrade the pressure distribution to 
ohlain an approximate finite bearing solution. These functions were not 
obtained due to tlie high non-linearities introduced into Reynolds Equation 
by the compliant effects of the smooth and bump foils. 

A second attempt to derive an end leakage correction factor was made using 
the experimental data. A functional relationship was sought of the form: 

K’ * f((i, A, B, y) (2) 
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where 


d im. 


then 


w " 
A = 


B = 


load capacity 

6uU R 

compressibility number — ~ 

a 

ft 

ratio •— 


6pU RS 

^ - bump compliance 

S" 

S = bump pitch 
Kg = unit bump stiffness 

y = aspect ratio (L/D) 



where 


f ll nii n a ctual 

Ih min theoretical 


and 


h min, = CK ’ 
A 


' hm LIU 

1 


T 


d im. 
dim. 
d im . 


dim. 

(3) 


(A) 


The exponents in equation 3 were determined by curve fitting the ratio of 
the experimentally obtained to the theoretical film thickness using a least 
squares aigorithm and then taking the log on both sides of tin* equation to 
1 inear ii'e it. A Gauss elimination routine was then employed to solve for 
the exporuaits in the relationship. The expression was used to correlate 
al 1 the data. 


Tlie expression obtained could reproduce some experimental minimum film thick- 
ness values from tin* cc^mputer predicted values with reasonable' accurac-y for 
the exact test bearing conf igura t ion , However, when sliglit clumges were made 
to any of the bearing pa^^ameters, such as l./D ratio, bump c<.)mp 1 iance , diamc'ter 
or ('Utirancf, the corrected minimum film thic'kness values obtained from the 
cs.»mpuler predii’ted v*ilues using the derived expression were, not reasonable. 

It should be noted that the one-d Imens i onn 1 c'ompliant foil bearing theory 
used in the computer program contains assumptions that have not vet been shown 



experimentally to be correct. As was d Lscussed previously in Section VI, il 
a bearing with an L/I) ratio of 2 or 3 could be tested in the proper speed and 
load range, some of the assumptions in the theory could be changed to beater 
approximate the actual behavior of the bearing. 

Figures VIII-1 through VIII-6 show in dimensionless form at a specific sf^eed 
and bearing clearance the minimem film thickness values at various loads fur 
bearings with an L/D = L/D=l, and L/D = 1/2. The curve for the L/D - - 
bearing is obtained from the computer program using the existing foil bearing 
theory. The curves for the L/D == 1 and L/D = 1/2 bearings are drawn from the 
test data obtained in this program. 

It is recognized that these curves were generated from data obtained from a 
single bearing design with relatively limited testing at specific speeds and 
loads, and thus should be used only as guides in designing bcsirip^;:- witli 
design parameters different from the tested bearing. However, it should also 
be recognized that these curves are unique and were generated utilizing a 
direct measurement of the film thickness value and profile. It is also re- 
emphasized at this point that the experimental film thickness values usc-d 
to plot the curves contained in this report are film thickness values iibtained 
at the bearing centerline. As discussed earlier in Section VII, the centerline 
film thickness value was used based on tlie major load supinat i-apability 
being contained in the center region of the bearing. Smaller film thi(‘knc‘ss 
values were measured near the bearing edge. The computer program predicts 
a constant film thickness value axially across the bearing. 

In each figure the two curves representing the experimental data for the 
L/D = 1 and L/D =1/2 test bearings are very similiar in shape and trends. 

Since all bearing and test parameters, except the L/D ratio, were held constant 
for the two test bearings, the difference in film thickness values at a constant 
unit load is due only to end-leakage effects which are significantly greater 
fot the shorter bearing. An approximate value for use in degrading the min- 
imum film thickness value of an L/D - 1/2 bearing in the size and com iguration 
ol Llie program test bearing is 30 perceiU of tlie film Lliickness value of an 
l,/D I bearing. Again it shotiid be recognized t.liat this . i.L i ( i.icu.t is 

based on the limited testing performed in this program. 
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I'igurci VIiL-7 is a plot /•imiiar to thosp being discussed for a rigid surface 
piiin sleeve bearing. Tlie curves were generated solely from Kaimondi^s /inalytical 
results presented in Kcicrence { i1. In the very limited band of unit loading 
between 0.1 and 0.3, a rough approximate degradation of the L/D = 1/2 film tlii-l--^ 
ness value to the L/0 = 1 value is 50 percent. This comparison Is not intended 
to CO r re J ate foil bearing iQ.yl data with rigid bearing analytical data, but 
ratlu‘r is presented only to show that the experimentally derived d»’giMd.i( i.ni 
factor has a reasonable value. 

Examining the plots for the compliant surface bearing reveals significcint dif- 
ferences in the shape of the curves for the two L/D bearings tested and the 

L/D = bearing, especially at the lightly loaded conditions. The primary 

hmi n 

difference is that the experimental curves do not originate at 1 at 

z e r o un it 1 oad i n g . 

The predicted L/D = curve in each of the six plots exhibits the Same shape 
and trend as similar plots for any rigid hydrodynamic bearing. This can be 
readily observed by comparing the curves of Figure VIII~7 with the \J\) ' '*• 
curves in Figures VIlI-1 through VII 1-6. 

Although no test data was obtained at zero load, which would require an 
upward load to eliminate the weight of the floating housing, it can be stated 
with certainty tliat at zero load, = i would NOT have occurred. This 

condition can only occur in a compliant bearing if both the bump foil and 
smooth foil are formed exactly to the proper diameters and are firmly 
seated against the bearing housing and each other. In addition, the bear- 
ing clearance must be known to the same accuracy as the film thickness values. 

In an actual bearing neither of the two conditions can be satisfied. The 
present analysis assumes these two conditions exist; hence, this is one reason 
for the significant difference at light loads between predicted and experimen- 
tal film thickness values, Tlie sViape of the predicted and experimental curves 
tend ic hcconu.' more similar as htciring load increases. 

rhe c\paml(*d plot of both the jiredicicd and experimental f ilm thickness })r<>nie 
nromui I lu‘ hc.uinr,, shown ii^ I'lcnire V I I I -H , eifer:; another p;)ssii”)li' explanation 
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as Lo why the uxptT iuion La 1 curves dlff'cr I'roin I he pr eel i i- L<*d curves, 'Mie 1 i 1 m 
pruf'ilo predicted is a symmetrical curve' wliere Llu' rt'p, ion e)f minimum I ilm 
liiickness is finite. Tiu' region of minimum i ilm tlnckness which accenuUs for 
the majority of load support does ne^t im:rease substantially witli incre-asing 
load over the load range examined, therefore causing rapid edianges in (he 
minimum film thickness value with increased leiad. 'fhe experimentally ohtairu'd 
profile, however, contains a region of minimum lilm thic’kncss over a sub- 
stantial portion of the bearing. As le)ad is increased, the minimiim film 
thickness region, or main load support region, increases because ol the 
bearing's c om p ]"Ta he e a nd ccTrTformity resulting in lc‘ss of a c’.hange in minimum 
film thickness value for each cthangc in load. 

It was not the intent of this program to correct the existing one-dimensional 
analysis and computer program based on test data, hut rather to establish 
guides for correcting minimum film thickness values obtained from the present 
computer program for an L/D = bearing for end leakage effects. Since the 
L/D = curve is significantly different compared to the L/D = 1 and L/D =1/2 
curves, it is hard to establish a general dcgrcidatlon factor for the complete 
load range. At a unit loading of 0,8, which represents approximately one-half 
the load capacity of the L/D = 1 test bearing, the minimum film thickness 
value of an L/D = 1 bearing is approximately 50 percent of the computer pre- 
dicted minimum film thickness value for an L/D = bearing. A degradation 
factor based on a specific speed and clearance for a bearing similar to the 
program test bearing can be obtained by using the graphs of Figures Vlll-i 
through VlIl-6. Again, it is recognized that these graphs are based on 
limited test data for a specific bearing design, but it does offer an approx- 
imate correction for side leakage . effects in the compliant bearing. 
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iX. CONCLUSIONS AND llECOhIMEN DAT IONS 


A 38.1 mm (1.50 inch) diameter Hydresil compliant surface journal bearing 
was designed using an existing computer program and the bearing per- 
formance characteristics calculated. The bearing was then extensively 
tested at speeds up to 60,000 rpm and loads up to 1.75 x 10^ N/m^ 

(25.4 psi) to determine experimentally the bearing *s performance cliaracter- 
istics both at room temperature and 315^C (600°F) . A measurement system 
for obtaining direct film thickness measurements which utilized a mc^d'iied 
capacitance proximity probe system mounted in a high speed journal was 
designed and fabricated for the test program. Accurate film thickness 
profiles and minimum values were obtained at room temperature for L/D=1 
and L/D=l/2 test bearings at two clearances each for various speeds and 
loads. Testing was conducted at 315^C (600°F) on the L/D=l test bearing, 
and bearing cooling air requirements and load performance capacity were 
determined. 

The Hydresil Compliant Surface Air Lubricated Journal bearing successfully 
demonstrated performance characteristics that can fulfill the requirements 
of present and proposed automotive gas turbine engines. The load perform- 
ance demonstrated at both room temperature and 315°C (600^F) ambient and 
bearing temperature represents a significant advancement for compliant 
surface bearings. 

SPFCIFIC CONCLUSIONS 

Following is a list of specific conclusions relating to the compliant 
surface journal bearing. Tliese conclusions are substantiated by the test 
results documented in Section VII. 

JoujnaJ i t PcrlLirmancc 

A maximum steady state load of 1,75 x 10^ N/m'’ (25.4 psi.) was success ;.ully 
sui)ported .it 45,000 Rl^M at a hearing temperature of 315^C (000*^F). This 
capacity is considered sufficient for use In present and proposed automotive 
gas turbine en>;lnes. 
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Influence of L/D Ratio on Minimum Film Thickness 


The minimum film thickness value was found to significantly decrease at 
constant speed and load conditions as the L/l) ratio decreased. The com- 
puter predicted minimum film thickness value for an L/D='^^ bearing was 
found to decrease by 50 percent for an L/D^l bearing and 75 percent for 
an L/D=l/2 bearing in a typical load range for the test bearing due to the 
end leakage effects occuring in a bearing of finite length. These de- 
gradation factors are of the same order as values for rigid surface bearings. 


Influence of Bearing Fabrication Accuracy on Load Performance 

The assembled compliant surface bearing when built on a small volume basis 
without production type tooling presents a quality control problem when 
maximum bearing performance is sought. Close visual inspection of the 
completed bearing provides the best check on the bearing as the flexible 
foils do not allow precise measurement checks to be made. Improper bearing 
conformity was shown to influence the film thickness profile and reduce 
bearing performance. Proper tooling and large volume manufacturing techniques 
should eliminate this problem. 

Bearing Journal Surface Porosity 

The effect of bearing journal surface poros^'ty was determined exnerimentally 
to be a significant factor on bearing load performance. The maximum bearing 
capacity was obtained using a wrought ground steel journal which had essentially 
no porosity. The porosity of plasma sprayed chrome carbide coatings, vdiirli 
are currently being used on journal surfaces to obtain good wear properties at 
high temperatures, w’ere found to degrade the hydrodynamic pressure field. 

Oc^nser coatings which can be obtained by a])[)iying the chrome i:arbide by metliods 
other than plasma spray offer a compromise solution. 

Bearing Cvuiling Air Hocpi i romon 

iho cool ing air roouired by the compliant surface bearing to remove the seir- 
genorated heat was shown to be a very small portion ot tire total air flow ot 
typical t urbomai-h i lUTs^ utilizing t ht’ hearing. Cooliirg air roqu i remon t s per 
boar in); of as low as approxi i:iately 0,2:) percent of total engine, flow can be 


121 


Effe cts of Thermal D L stOxtio n on Bearing P erforma nce 


WliiJ.e no attempts were made to deliberately introduce thermal distortions into 
the tests, the load performance capacity of the test bearing was experimentally 
shown not to have been reduced by operating at a temperature of 313^C (GOO^F) 
whore thermal distortions might be anticipated. A combination of tht* hc‘ar'- 
ings compliant characteristics and the cooling air supplied to the bearing 
allowed the bearing to successfully operate at the (?levatcd temperatures. 


RECOHMENDATIONS 

The following recommendations are made based on the results of the work per- 
formed in this program. 

C ent I nii ed Techno] og y Adv anc ement 

Further testing should be condiu'ted on a journal bearing of L/D of 2 or 3 using 
the film thickness measurement techniques developc'd in this program. Use of the* 
longer bearing will more ('losely approximate the model, of tho current oiU‘-d i men- 
sional analysis and allow the assumptions now in the analysis to be verified and 
corrected if re-; aired. These assump titans include among others the influence of 
foil seating ana the use of a meaningful bearing clearanc'c. After the infinite 
length bearing is correctly modeled, the analysis can be cxtendi‘d possibly by 
finite element bearing analysis to accurately represent a bearing of finite length 
for use in correctly predicting the finite length bearing performance charactoris- 
lit-s. The test measurement techniques developed should be utilized tor investi- 
gathui of the influence of foil bearing design parameters in order to optimize 
bearing design. 

Add i t i o n a I 1 o u r n , 1 1 r J_n Jlj 1 

Ad<!iLiona[ testing, of lonipliant snrt.ue journal hearing, s shoulii he eonducted 
lor US'- in verifyinj* a comf)1ete of desig,n charts. V.irious tlesig.n eharac^ 

trrislie.s anti big, her test s\U‘eds should he evaluated hasetl on aiitieipated 
ref|ui rimtsits for the .idvancecl automotive gas turbine «*ngine. testing eom- 
pliaiif snrfac'e htMi'ings of other tlesiggis, such as the tension foil and 
c ,in t 1 1 eve r'L'd beam, should also he conducted in tin/ same test efjuipment 
to olWain ilat.i whi«h is diri-ctlv eonipa rah 1 e . 
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A i)rogram Himilar Lt> the one* rc*portcd hcrci is rt*(’nninu*iuU*d for compliant 
surfaces thrust bearings. 
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APPl'Nl) ! X A 

KAhRlCATION OF THE FILM THICKNESS SKNSOR 

AJ ] conipuiiLMits for the rotatltig sensors and slip ring /isseml) 1 ies , with the 
exception of the commercially purchased metal fiber brushes, were designed, 
fabricated and assembled by the Instruments Group at Nfl’l. Two test shafts 
were instrumented; one for film thickness measurements and one for film 
pressure measurements. Two similar probes were installed in each journal 

surface 90® out of phase with a slip ring assembly at each i»nd of the shaft 
allowing for simultaneous reading of both probes. Figure V-l shows the 
actual probe and Figure V-2 shows the Installation. A detailed cross- 
section of the film thickness sensor is shown in I'igure A-1 . 

A major consideration in the design of the sensors was to minimize the* effect 

of speed on the mecdianical sliLftlng (zero shift) of the sensor in the shaft. 

To achieve this, the capacitance probes were constructed to provide high 

axial stiffness and stability under varying radial loads. At b0,000 RPM 

the radial load on the center electrode was calculated to be 22.7 kilograms 

(50 pounds). An experiment conducted on a completed prol^e using a special 

fixture showed that the center electrode would displace approximately 

2,79 X 10 ^ mm/kg (5 x 10 ^^in./lb) of load. Under full, speed loading, the 

-3 -4 

center electrode will displace 6,35 x 10 mm (2.5 x 10 incli) • This dis- 
placement is due to compression of two separate .1 mm (.004 i[U’h) Lliick layers 
of mineral filled epoxy resin. 

To reduce the effect of spc*ed on /a*ro shift, and to obt.ain a positive 
electric'al connection, jacks weri* usl-cI to preload the prot)e assembly. Tlie 
centc'r t)f gravity of the ]nck was locatcul below the jt)urnal axial centi‘rline 
(with res])e('i. ta the probe) whicTi tended to reduce the preload at high 
siJceds resulting in a fairly constant pressure on the probe supf)ort lace 
over the spe«*d raii)!c‘. A special f/6-4() s('ri“W in tlu.‘ jack was used to applv 
‘)9 kgm (130 pounds) of j)reload to the probt*. The jack scrt‘w i‘onne(‘tor con- 
tacted the sliatt i)on thrnu)',h a steel hall. 

Kiguri' A -2 show.s the complete installation consisting, ('f ( 1 e f t-t o-r i gjit ) : 

• r.iui shield with slip ritig,; cotnu’ction I'rom a large to a miniature 
coaxial dU e ; connect(»r to j)rohe. 
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Fig. A“1 Detail Cross Section of Film Thickness Probe 
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NOTE: PROBES ARE IN 

PLANES 90* APART 


Fig. A-2 Detail Cross Section 


of Film Thickness Sensor System Installed in Test Shaft 




• Probes (2) 

• Jacks (2) 

• Connector to probe; miniature coaxial cable; connection to large 
coaxial cable; slip ring» 

Both channels of instrumentation were identical in their layout and dimensions, 
except for the length of the large coaxial cable. Figures A-3 and A-4 show 
the actual hardware. 

The film thickness sensor was n 3.25 mm (.128 inch) diameter capacitance 
probe with a maximum range of .127 mm (.005 inch). Figure A-1 shows a 
detailed cross section of the sensor. The center electrode and guard elec- 
trode were made of 400 series stainless steel. The outside of the center 
electrode was coated with Ecobond 104 Epoxy containing an aluminum oxide 
filler. The epoxy coating was machined to give a light interference fit with 
the inside of the guard electrode. The final thickness of the epoxy layer 
was approximately .1 mm (.004 inch). The outside of the guard electrode 
received a similar-~-t-reatment . The fit of the assembled ])tobe into the 
shaft was line on line to slightly loose. 

The sensors were initially installed in the shaft with the probe tip above the 
journal surface. The journal surface was masked and the probe tip lapped to 
conform to the shaft radius. 'Ihe sensors were then removed, and the shim 
between the guard electrode and shaft increased in thickness so that when 
the sensors were reinstalled in the shaft the probe tip was approximately 
.038 mm (.0015 inch) below the journal surface. The probe tips were recessed 
to protect the tip surface during starts and stops and in the event of a high 
speed rub. 

The connector was fabricated f rom the same stainless steel material as the 
probe assembly. The center conductor of the miniature coaxial cable was 
brazed to a disk that made the connection to the center electrode. The 
disk was insulated from the rest of the connector by a layer of epoxy. The 
sliieM of the coaxial cable was brazed to the C(Muu*ctor whicli fitted in- 
sidi' llie ge.ard electrode. A spring clip made of copper insured a good 
electrical comiccl ion letween the connector and the guard eUu'trode. 
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The miniature coaxial cable wna connected to the large coaxial cable utilizing 
a special adapter. The center conductors were spot welded and the shields 
braz(*d as shown in Figure A-5. The long coaxial cable received bands oi' 
epoxy approximately 12,7 mm (.5 inch) wide spaced 19mm (,75 incli) • These 
epoxy bands were then machined to obtain a line fit with the bore in which 
the cable was to he installed. After both large coaxial cables were installed 
in the shaft and connected they were potted in place with epoxy. The 
coaxial cable at each end was then machined to receive the gold plated brass 
slip ring which made the guard electrode connection, and the "button" tip 
which made the center electrode connection. Also shown in Figure A-5. 
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Fig. A-5 Detail Cross Section of Slip Ring 


APPENDIX B 



I FABR ICATION OF musH RjHc 

A detailed cross section of the brush and slip rin^ assembly is shown in 

I 

Figure V-2, The use of a capacitance system required a completely 
[ shielded si in ring assembly which was designed and fabricated at Ml' I for 

this program. The high shaft speed required the slip ring size to be as 

small as practical in order that the surface velocity be kept at a reasonable 
I level. At the 60,000 RPM speed condition the surface velocity of the slip 

' t*ing was 9,96 m/sec (32.7 ft/sec). A hard gold wire brush running on a liard 

‘ gold plated brass slip ring provided the circuit for the guard electrode. A 

silver graphite brush against a silver alloy "button*' completed the center 
, electrode circuit. Both circuits terminated in a regular coaxial cable 

micro-dot connector. 

The coaxial cable which protruded from each end of the test shaft was 

prepared to accept the slip ring and "button" by machining the outer shield 

and inner conductor concentric with the support ball bearing surfaces. The 

brass slip ring sleeve, which was plated with a .025 mm (.001 inch) thick 

I coating of a hard gold alloy, was a light press fit onto the outer diameter 

; of the shield of the coaxial cable. The silver button was a light press fit 

! onto the center con'^uctor. \*/licn the shaft was assembled and rotated on its 

I support ball bearings the total indicated runout at tlie sJ i,; ring surface was 

1 less than .005 mm (.0002 inch). 

► 

i The brush housings were doweled to the test rig after the instrumented shaft 

I was Installed to ensure the housings were centered around the slip rings. 

Two metal-fiber brushes supplied by the Wendon Company were used in each 
brush housing. The brushes were threaded into a pivot arrangement which 
enabled the brushes to be rotated in and out of contact with the slip rings 
and also allowed for the adjustment of brush pressure. The entire brush 
, housing was at the guard electrode potential which required the housing to 

be electrically insulated from ground. 

The silver graphite brush was spring loaded against the "button" on the 
center conductor. A special connector was used to make the connection to the 
center terminal of the micro-dot connector. The brush, spring and connector 

► 

I 

i 

I 
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were electrically insulated from the rest of the bruslwhousdnK. 

Figure B-1 sliows the brush housing and internal components. 

During initial tests, the slip rings and metal fiber brushes were exhibiting 
excessive wear. To reduce the wear rate a system of lever arms with magnetic 
stops was devised to allow the brushes to be conveniently lifted from the 
slip rings while the shaft was running but when no test data was being ob- 
tained. A counter weight at one end of the lever arm held the brushes off 
the slip rings. A magnet at the opposite end of the lever arm would hold 
the brushes in a preset position on the slip ring to allow test data to 
be obtained. This system greatly reduced the wear rate of the brushes and 
slip rings. 

Figure B-2 shows the brush housing installed at the test end. 
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